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Abstract

Translocation of viral integrase into nucleus is a critical precondition of integration
during the life cycle of HIV, a causative agent of Acquired Immunodeficiency
Syndromes (AIDS). It has been considered as an important target for the drug
development to treat AIDS. In order to understand the detailed mechanisms of
integrase-host cell protein complex interactions, we cloned HIV-1 integrase-EGFP
into pTRE2hyg as visible tag to monitor the translocation process. When transiently
transfected this vector into Tet-off ready HeLa cells, the EGFP: integrase is mainly
localized in the nucleus. It has been hypothesized that any drugs that can inhibit the
translocation process are novel class of drugs for AIDS treatment. More than 30000
synthetic compounds and 80000 natural products were screened by virtual screening.
A total of 34 compounds were obtained and screened for their ability to block the
nuclear entry of HIV-1 integrase by monitoring the EGFP fluorescence in the cells by
high-throughput live cell imaging. Eight synthetic compounds (DW-IN4, DW-IN35,
DW-IN6, DW-INS, DW-IN15, DW-IN16, DW-IN17, DW-IN21) and one natural
product (DW-IN719) were found to block integrase translocation significantly.
According to our screening result, six compounds (INNB-1, INNB-2, INNB-3,
INNB-4, INNB-5, INNB-6) were designed and synthesized. INNB-1 and INNB-2 had
significant inhibition on integrase nuclear translocation. DW-IN6, DWIN719,
INNB-1, INNB-2, INNB-3 and INNB-4, showed significant inhibition on P24
production in live virus assay. DW-IN6, INNB-1, INNB-2, INNB-3 and INNB-4
showed significant syncitia formation inhibition in live virus assay. Six compounds
(KM7, KM8, KM14, KM30, KM37, KM79) from Kunming were screened as
integrase nuclear translocation inhibitors. Using similar cell imaging techniques, we
have cloned the GFP-tagged chemokine receptor CXCR4 using the lentivirus
transfection system. CXCR4 receptor is a critical co-receptor in CD4 positive

lymphocytes mediating the fusion of HIV into the CD4 positive cells. CXCR4-GFP
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was over-expressed in 293T cells and the results showed that GFP:CXCR4 receptor is
expressed at the plasma membrane of the cells. These cells have been used to monitor
the blockage of CXCR4 receptor internalization for dmg development. Four
compounds (KX128, KX166, KX171, KX180) from Kunming showed CXCR4
internalization blockage in imaging assay. The interaction of these compounds with
CXCR4 was predicted by molecular docking. KX128 showed significant HIV

inhibition in live virus assays.
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Chapter 1
Introduction



1.1 History of HIV (Human Immunodeficiency Virus)

On June 5 of 1981, some researchers from US CDC (Centers for Disease Control and
Prevention) reported a disease. This disease came out from report of five cases of
Pneumocystis carinii pneumonia (PCP) among previously healthy gay young men in
Los Angeles. Shortly after this report, some more cases were reported from other
places such as New York City, San Francisco, and other cities (MMWR, June 5, 1981
/ Vol. 30/ No. 21, http://fohn.net/history-of-aids/).

On November 5 of 1981, although the pathogen was not identified, it was thought to
transmit through intimate, direct contact involving mucosal surfaces, such as sexual
contact among homosexual males, or through parenteral spread, such as occurred
among intravenous drug abusers and possibly hemophilia patients using Factor VIl
products. The cause of Acquired Immunodeficiency Syndrome (AIDS) was still
unknown at that time (MMWR, November 05, 1982 / 31(43);577-80,

http://www.cde.gov/hiv/resources/reports/mmwr/198 1. him).

In 1983, two French scientists, Barre-Sinoussi and L. Montagnier, isolated a new
retrovirus from the blood of patient with AIDS (Barre-Sinoussi et al., 1983;
Montagnier, 1988). As we know, this virus is human immunodeficiency virus type 1

(HIV-1)(Barre-Sinoussi €t al., 1983).

Where does HIV come from? In fact, new study has shown that the oldest HIV-1
sequence that we knew was the ZR59, which was isolated from an adult male from
Kinshasa, Democratic Republic of Congo (DRC) in 1959(Zhu et al, 1998).
Sequencing study has identified that this HIV sequence was assigned as M group.
Study showed that the genetic distance between ZR59 and the M-root is nearly half of
the sequences of today. This means that the HIV existed a long time before 1959, and
a molecular clock dating studies showed that HIV was originated around

1920-1930(Korber et al., 2000; Salemi et al., 2001; Sousa, 2009).


http://fohn.net/history-of-aids/
http://www.cdc.gov/hiv/resources/reports/mmwr/l

1.2 What is AIDS

The infection of HIV leads to the disease of AIDS, which is the result of suppression
of human immune system(Lee, 1993; Seligmann, 1990; Taube and Goldberg, 1983)
(Pivel et al., 1987). In Januvary 1993, the US CDC made a definition on AIDS. It
included all identified AIDS defining illness and CD4 lymphocyte counts, all patients
with CD4 counts less than 200 cells/mm’ (or CD4 percentage <14), and three AIDS
defining condition namely, pulmonary tuberculosis, invasive cervical cancer and

recurrent bacterial pneumonia [US Center of Disease Control, 1993].

HIV was transmitted through three ways(Brown et al., 1997; Titti et al., 1987). Firstly,
the virus can be transmitted through body fluid exchange, such as semen, vaginal
fluids and blood, during sexual contact in all heterosexual, homosexual, and bisexual
relationships(Lyons, 1994; Solomon and DeJong, 1986; Tindall et al.,, 1992). The
second transmission way is through transfusion of virus contaminated blood and
blood products, needles sharing among injection drug user, needle sticks, open cut
and mucous membrane exposure in healthcare worker and the use of
HIV-contaminated skin-piercing instruments(Cleary et al., 1986; Ingold and Ingold,
1989; Mhalu, 1990; Takamatsu, 1997). Thirdly, the virus carrying mother can
transmit the virus to their babies through infrauterine, peripartum and breast

feeding(Casals et al., 1991; Ledesma-lujan et al., 1989; Teasdale et al., 2011).

The progress of AIDS can be divided into three stages according to the process of
disease development: early acute stage, chronic/latent stage and AIDS stage(Justice et
al., 1989). Acute stage lasts for 1-2 weeks where CD4 cell count range is 1000-5000
cells/mm’. It is characterized by fever, headache, nausea, anorexia, fatigue, sweaters
sore throat and dry cough(Kaplan et al., 1989; Venet et al., 1990). Chronic/latent stage
lasts for 8-10 years. CD4 cell count range is 750-500 cell/mm(Rosenberg and Fauci,
1989). No obvious symptom can be found in this stage. Finally, AIDS stage lasts for

1-2 years and CD4 cell count range drop from 500-0 cells/mm’. Several clinical signs



can be found such as tuberculosis, lymphadenopathy, Kaposi’s sarcoma, mouth and
esophageus pain and odynophagia and CNS lymphoma, etc(Fouret et al., 1987; Saag,
1994; Saxinger et al., 1987).

HIV causes immunodeficiency after infection but not immediately, this usually occurs
in HIV infected but untreated persons after as long as to 10-15 years(Huang et al.,
1995b). Since first reported in the United States in 1981(Curran et al., 1985; Smith
and Walker, 1992; Waskin et al., 1986), the AIDS has caused about 25 million people
lives while there are still more than 33 million infected persons living with
virus(http://pathmicro.med.sc.edu/lecture/hiv2000.htm)(Little and Rhodus, 2007;
Pinheiro Edos et al., 2008). According to scientists® estimation, about 2.5 million
people were newly infected with HIV-1, and 2.1 million people die of AIDS or

AIDS-related diseases every year (http://www.irishaid.gov.ie).

1.3 Types of HIV

Just after two years when the AIDS case was reported among young homosexually
active men, the virus was isolated in 1983 (Barre-Sinoussi et al., 1983); it had been
named other names. Such as lymphadenopathy associated virus (LAV), human T
lymphotropic virus type III (HTLV-III) and other names such as AIDS related virus
(ARV)(Gostin, 1990; Volsky et al., 1986; Wain-Hobson et al., 1991). HIV is a
member of the lentiviruses from the retrovirus family. Lentiviruses are prevalent in
many mammalian species such as horse (equine infectious anaemia virus), sheep
(visna maedi virus), cattle (bovine immunodeficiency virus), cat (feline
immunodeficiency virus), and in almost all monkey species (simian immunodefciency

virus, SIV)(Fanales-Belasio et al., 2010; Gonda, 1988).

There are two types of HIV, HIV-1 and HIV-2. The HIV-1 is the popular type. HIV-2
was discovered in 1986 from the patient in West Africa(Clavel et al., 1986). HIV-2 is
mainly in the region of Western and Central Africa(Ng, 2000). HIV-1 consisted of the

4


http://pathmicro.med.sc.edu/lecture/hiv2000.1itm)(Little
http://www.irishaid.gov.ie

groups M, N and O, in which M is most prevalent in the world, HIV-2 was consisted
of the groups A to G, which were formerly named subtypes(Sarker et al., 2008;
Sarrami-Forooshani et al., 2006} HIV sequence database, http://www.hiv.lanl.gov).
On the molecular basis, HIV-1 group M was nearly identical to SIVcpz, virus clades
that were found in chimpanzees (Pan troglodytes) in Central Africa, and HIV-1 group
O viruses had been detected in the faeces of three wild living gorilias in Cameroon,
while HIV-2 was identical to SIV from sooty mangabey monkeys (Cercopithecus
atys—SIV smm){Heeney et al.,, 2006; Lemey et al., 2004; Ondoa et al., 2002; Ondoa
et al., 2003).

1.4 Structure of HIV

The HIV genome is made up of two copies of single-stranded RNA. HIV-1 genome is
consisted of 9181 nucleotides, and HIV-2 genome is consisted of 10359 nucleotides
(NCBI database). There are some difference between the genomes of HIV-1 and HIV
-1 although the whole backbone is similar. HIV genome is mainly made up with nine
genes. Among them, there are three structural genes: gag, pol and env(Allan et al,
1987; Bruce et al., 1993; Candotti et al., 1994). Another six genes are regulatory and
accessory genes: Vif, Vpr, Vpu, Tat, Rev, Nef (Figure 1.1)(Graeble et al., 1993;
Michael et al., 1995; Strebel et al., 1987).

The structure of the viral particle is similar for HIV-1 and HIV-2 as shown in figure
1.2. The diameter of the virus particle is about 100nm. The virus particle is
surrounded by a lipoprotein-rich membrane(Barklis et al.,, 1998; Gelderblom et al,,
1987). The viral capsid has the three important HIV enzymes: transcriptase (RT),
integrase (IN) and protease. Reverse transcriptase became the first target in AIDS

treatment,


http://www.hiv.lanl.gov

Figure 1.1 Organization of the HIV genome(Fanales-Belasio et al., 2010)
A) HIV-1 genome

B) HIV-2 genome

Both HIV-1 and HIV-2 genomes are consisted of Gag, Pol, Env, Vif, Vpr,
Vpu/Vpx, Tat, Rev and Nef totally nine genes. At both terminals of the
viral genome is a LTR(Long Terminal Repeat) region.



1.5 HIV replication cycle

From the binding of the virus to cell to the virus particle release from cell is the
complete process of infection. It is also called replication cycle. Though many kinds
of cells can be infected by HIV, CD4 positive T cells are first to be found as the target
in human body(Elhaggar, 1993). For all cell types, the replication cycle of HIV is
similar. The HIV replication cycle can be divided into six steps: 1) binding and entry;
2) uncoating; 3) reverse transcription 4) provirus integration 5) virus protein synthesis

and assembly 6) budding(Minoli and Grossi, 1994).

1.5.1 Binding and entry

For any virus infection, binding to host cell is the first step. Binding initiates the
infection to host. Binding is the interaction process of virus and host. During this
process, viral envelope proteins and host receptors play important role. First, the virus
bind to the host cell, then an interaction of viral envelope protein and host receptor
and co-receptors happens to complete the binding and entry of virus (Figure 1.3). The
heterodimer proteins gpl120 and gp41 composed a viral envelope trimeric complex,
which is essential for viral recognition and entry into target cell(Este et al.,, 1998;

Weissenhorn et al., 1996).

Gpl120 binds to target cell, interacts with coreceptor, and induces conformational
changes in gp4l. Several domains in both gpl20 and gp41 were involved in
CD4/coreceptor binding or the membrane fusion process. Ectodomain of gp4!
contained a highly hydrophobic N-terminus and two heptad repeat motifs, referred to

as the N-helix and the C-helix(Chan et al., 1997; Weissenhorn et al., 1997).
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Figure 1.2 Structure of the HIV-1 particle(Fanales-Belasio et al., 2010).
ssRNA: single strand RNA

HIV is an enveloped virus. The virus particle has a diameter of 100nm,
which is surrounded by a lipoprotein-rich membrane. Inside the viral particle
are two copies of viral ssSRNA.
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Figure 1.3 HIV replication cycle(Fanales-Belasio et al., 2010)

RT: reverse transcriptase; dSDNA: double strand DNA.

The HIV replication cycle includes six steps: 1) binding and entry; 2)
uncoating; 3) reverse transcription 4) provirus integration 5) virus protein
synthesis and assembly 6) budding,



The virus was found to attack CD4 positive cells specifically. Then CD4 was
identified as the receptor of HIV. Later study discovered that CD4 was not sufficient
for HIV Env-mediated membrane fusion and virus entry. This leads to the discovery
of co-receptors for HIV infection(Callahan et al., 1991; Deng et al., 1996; Martin et
al., 1998).

Some members of the G protein-coupled receptor superfamily of seven
transmembrane domain proteins were found to serve as co-receptors for HIV
entry(Unutmaz et al.,, 1998). These proteins served as receptors for their natural
ligands (alpha and beta chemokines)(Doms and Peiper, 1997). Chemokine receptors
are small proteins expressed on cell membrane which are recognized by chemotactic
cytokines and mediated the homing and recruitment of immune cells during the
process of inflammation(Doms, 2001). Chemokine receptors are classified on the
basis of the position of disulfide like cysteine residues as well as their angiogenic
effects. Many members of GPCRs are reported to serve as co-receptors for some HIV
strains, but CXCR4 and CCRS are two major and most important coreceptors (Deng
et al., 1996; Endres et al., 1996; He et al., 1997) (Figure 1.4).

Gp 120 has five hyper-variable regions, V1-V5. V3 loop is important for the troposim
choice of HIV. Changing the V3 region between isolates leaded to co-receptor usage
switching(O'Brien et al., 1990). After binding of gp120 to CD4, the HIV envelope
undergoes a structural change that leads to the exposing the specific domain in the
gp120 which is able to bind the chemokine receptors on the cell membrane(Berger et

al., 1999).
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Figure 1.4 HIV tropism(Fanales-Belasio et al., 2010)
M-tropic HIV: monocyte/macrophage-tropic HIV;
T-tropic HIV: T-lymphocyte-tropic HIV.
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1.5.2 Uncoating

The fusion of HIV envelope protein with host cell membrane leads to the completion
of HIV entry. Through entry, the HIV core goes into the host cytoplasm.The
uncoating process is not well known in the HIV infection process. It remains to be
approached in details. After uncoating, HIV particle (without envelope) was
converted to a complex referred to as the reverse transcription complex (RTC)(Cart et
al., 2006; Fassati and Goff, 2001). After transcription, the newly synthesized viral
DNA was made into a complex called preintegration complex (PICYLi and Craigie,

2009; Raghavendra et al., 2010).

1.5.3 Reverse transcription

As other retroviruses, HIV has the ability to convert their RNA genomes into
double-stranded DNA in host cells. This reaction is catalyzed by the reverse
transcriptase {RT). HIV-1 RT is a heterodimer of two subunits, one of which is 66
kDa (p66), the other 51 kDa (pS51)(Tasara et al., 1999). The two subunits are derived
from the same region of the Pr160GagPol precursor protein. According to a number
of groups’ studies on RT crystallization, the p66 and p51 domains, while largely
overlapping in protein sequence, adopt quite different conformations{(Arnold et al.,

1992; Ding et al., 1995).

The result of reverse transcription leads to the production of viral DNA. As it is well
known, DNA is a more popular type of genetic vector than RNA. What is more, DNA
is more stable than RNA in physiological environment, such as in host cells and

animal body.

1.5.4 Provirus integration

After reverse transcription, the HIV genome exists in the host cells in the form of
DNA. The viral DNA will be transported to the host nucleus in the complex of
preintegration complex (PIC). PIC is a complex of HIV DNA and many different
kinds of host factors(Raghavendra et al., 2010). LEDGF, also is called p75, is the well
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known host factor involved in this process. It is also the first one to be
found(Busschots et al., 2005). After nuclear import of reverse transcribed DNA, the
31 kDa HIV IN protein catalyzes the insertion of the linear, double-stranded viral
DNA into the host cell genome. The integrated DNA is called “provirus”. It behaves

just as a human gene(Engelman, 2009; Engelman et al., 2009).

Integration is the critical event in the whole HIV infection process. Like reverse
transcription, HIV integration involves in several steps which are also seen in other
lentivirus (Van Maele and Debyser, 2005). Usually, the integration is completed in
three events: 3’-terminal processing, strand transfer and integration gap repair. The

final gap repair is completed by the host factors.

1.5.5 Virus protein synthesis and assembly

On completion of integration, the viral DNA was used as template for viral mRNA
synthesis and transcription. The viral RNA encodes all the HIV proteins.

HIV-1 LTR (long terminal repeats) is used as the site of transcriptional initiation and
harbors cis-acting elements required for RNA synthesis(Nishitsuji et al., 2001;
Reed-Inderbitzin and Maury, 2003; Reynolds et al., 2003). The TATA element, to
which transcription factor IID (TFIID) binds in transcription, locating approximately
25 nucleotides upstream of the transcription start site. At the 5' of the TATA box there
are three Spl and two NF-xB binding sites(Garza and Carr, 1995; Kashanchi et al.,
1994; Ross et al., 1991; Song et al., 1995; Varin et al., 2003).

1.5.6 Budding

The final step of infectious virus production is virus budding. For HIV-1, the L
domain is present in p6. Deletion of mutation of p6 within the highly conserved
Pro-Thr/Ser-Ala-Pro (P-T/S-A-P) motif, which located near the N-terminus of p6,

significantly impairs particle release(Gottlinger et al., 1991; Huang et al., 1995a).
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1.6 AIDS therapy and anti-HIV drugs

Since first reported in the United States in 1981, the AIDS has caused about 25
million people died while there are still more than 33 million infected persons living
with virus(Pinheiro Edos et al., 2008). It is estimated that, about 2.5 million people
are newly infected with HIV-1, and 2.1 million people die of AIDS or AIDS-related
diseases every year(Little and Rhodus, 2007). Shortly after the virus was identified,
some scientists had claimed that AIDS could be cured in 10 year. However, AIDS is
still a deadly disease and there is still a continued effort to find an effective treatment

to cure AIDS and eliminate the virus from infected bodies thoroughly.

Before 1996, AIDS is still untreatable and patients infected with HIV are literally
sentenced to death. In1996, highly active antiretroviral therapy (HAART) was
introduced into clinical practice subsequently(Williams, 1997). The principle impetus
behind the development of combination therapies for HIV HAART was a
combination of anti-virus drugs targeting usually reverse transcriptase and

protease(Hirschel and Francioli, 1998).

1.6.1 Drugs targeting HIV entry

The HIV receptor CD4 and two major co-receptors CXCR4 and CCRS are all

important targets for drug development.

As the first step in the HIV infection, virus binding and entry is naturally the first
target for virus prevention. Many drug candidates have been developed targeting this
step. The virus binding through nonspecific interactions and CD4 binding can be
blocked by inhibitors such as cyanovirin-N, cyclotriazadisnlfonamide (CADA)

analogues, PRO 2000, TNX 355 and PRO 542, BMS 806 was reported to block
CD4-induced conformational changes(Allaway et al., 1995; Bamrientos et al., 2002;
Botos et al., 2002; Esser et al., 1999; Reeves et al.,, 2005; Reimann et al., 1997,

14



Rusconi et al., 1996; Vermeire et al., 2003; Vermeire and Schols, 2003; Vermeire et

al., 2002).

Fusion is the early step in the HIV-host cell interaction process which leads to
successful infection, this makes fusion an important target go stop virus from entry
into target cells. In 2003, the first HIV entry inhibitor was approved for clinical
use(Greenberg et al., 2004). T20 (enfurviride) is the first approved fusion inhibitor
which is composed by 36 amino acids and derived from GP41. T-20 has a substitutive
effect for the gp41 trimmer formation so as to blocking the conformational change of
viral spike after binding of gp120 to target cells(Baldwin et al., 2004; Champagne et
al., 2009; Kitchen et al., 2008).

According to previous study, A32 CCRS5 individuals showed some resistance to HIV
infection compared with non-mutant(Eugen-Olsen et al., 1997, Husain et al., 1998,
Meyer et al., 1997; van Rij et al., 1999). CCRS is a considered a potential target for
anti-HIV drug development. In 2007, maraviroc (developed by Pfizer) was approved
in U.S. for clinical treatment of HIV infection and AIDS patients. This is the first and

the only FDA approved drug targeting CCRS against HIV(Jones et al., 2007).

The success of maraviroc sheds light on development of chemokine receptor
antagonists as novel class of anti-HIV drugs. Maraviroc has validated co-receptor as a

target for inhibition of HIV-1(De Clercq, 2009; Lalezari et al., 2003).

CXCR4 is also considered an important target for anti-HIV drug development.
Previous studies showed that SDF-1 or CXCR4 knock-out mice have developmental
defects and are non-viable. In fact, the knockout of SDF-1 and CXCR4 leaded to
physiological defects in systematic development, such as abnormal B-cell
development, impaired colonization of BM by hematopoietic progenitors, defects in
blood vessel formation and the gastrointestinal tract, abnormal cardiac ventricular
septum formation and cerebellar development, and embryonic lethality(Tachibana et
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al,, 1998; Zou et al., 1998). During the course of this study, researchers from The
Scripps Research Institute and University of California at San Diego reported the
structures of the CXCR4 chemokine GPCR with smali-molecule and cyclic peptide
antagonists(Wu et al., 2010). In that study, the crystal structures of human CXCR4 in
complex with a small-molecule antagonist at 2,5 A resolution and with a cyelic

peptide inhibitor at 2.9 A resolution were reported(Wu et al., 2010).

AMD3100 was the first compound found to inhibit the CXCR4-HIV interaction. It is
a bicyclam compound(De Clercq et al.,, 1994). Based on the significant effect of
AMD3100 on HIV infection, a lot of work has been conducted on the research of
AMD3100(Donzella et al., 1998; Schols et al., 1997a; Schols et al., 1997b). However,
researchers found that the use of AMD3100 can cause a dose dependent
eukocytosis(Hendrix et al., 2000). This side effect together with other adverse effects
finally leaded to the stop of development of AMD3100.

Although AMD3100 was proved to be not suitable for clinical usage, it shed light on
the significance of CXCR4 as HIV entry inhibitors. It also demonstrated that CXCR4
was a plausible target for anti-HIV drugs. The structural and experimental information
that AMD3100 provides us lead to the discovery of better CXCR4 antagonists.

Subsequently, a follow-up compounds of AMD3100, AMD070 (AMDI1070;
AnorMED, Inc.) was reported. In 2004, AMDO070 was put into clinical trials. The
clinical phase I trial results showed that AMD is well tolerated (Schols, 2004; Schols
D, 2003).

1,6.2 Drugs targeting HIV reverse transcriptase

HIV is an RNA virus whose genome is composed of two identical RNA copies. To
complete replication, HIV performs a reverse transcription of RNA into DNA after
entry of target cells. HIV reverse transcriptase is the viral enzyme to catalyze this

event, Therefore RT inhibitors are the first group of drugs in anti-HIV treatment to be
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used in the US as early as 1987 when approved by food and drugs administration
(FDA)(Herzyk et al., 1987; St Clair et al.,, 1987). There are two types of reverse
transcriptase inhibitors at present, nucleoside reverse transcriptase inhibitors (NRTTs)

and non-nucleoside reverse transcriptase inhibitors (NNRTIs)(Ghani et al., 2003).

The NRTISs are first class of anti-HIV drugs in clinical practice since 1987 which are a
wide family of 2°, 3’-dideoxynucleosides. The members of this family are
3’-azido-2°,3’-dideoxyctidine  (AZT),  2°,3’-dideoxyinosine (ddry 27,3’
-dideoxycytidine (ddC} , 2’-3’-didehydydro-2°,3’- dedeoxythymidine (d4T) and
2’,3*-dideoxy-3’-thaicytidine (3TC)Boyle et al., 2005; Broder, 1990).

NRTIs act at the reverse transcription step. They are synthesized into the viral DNA
instead of the natural nucleotides, the purine nucleosides adenosine (A) and guanosine
(G), and the pyrimidine nucleosides thymidine (T) and cytidine (C)(Vrang et al,,
1987). Nucleotide annlogues are triphorylated or undergo further modifications in the
cells. Nucleotide analogues resemble monophosphorylated nucleosides, and therefore
require only two additional phosphorylations to become active inhibitors in the DNA
synthesis. Reverse transcriptase fails to distinguish the phosphorylated NRTIs from
the natural counterparts, and use the drugs in the synthesis of viral DNA by mistake,
This causes stop of viral DNA synthesis(Gao et al., 1994; Herzyk et al., 1987; Vrang
et al., 1987).

Different from NRTIs, NNRTIs directly target the viral reverse transcriptase for
inhibition. There are two members of this class of drugs in present AIDS treatment

Efavirenz and nevirapine. Nevirapine binds to the hydrophobic pocket amino acid

181 188

Tyr™ and Tyr™ near the polymerization active sites to cause a conformational
change and therefore inhibits enzyme activity. The group of inhibitors was approved
in 1996(Bowersox, 1996; Dong, 1998; Kelly et al., 1997; Vazquez, 1997; Wiese,

1997).
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1.6.3 Drugs targeting HIV protease

Proteins are the main component of the virus particle such as formation of viral
envelop. The virus needs protease to cleavage the precursor polyprotein into structural
and functional active viral proteins. Protease inhibitors such as amprenayvir, atazanavir,
indinavir and nelfinavir, are the third kind of anti-HI'V drugs in the market(Busti et al.,
2004; James, 1995; Partaledis et al., 1995; Vacca et al., 1994). They act as

peptidomimetic inhibitors to be tailed after the target peptide linkage in the gag and

167 168

gag-pol polyproteins at the position Phe ”'-Pro™" that are cleaved by the protease.
This leads to the stop of polyprotein cleavage so as to stop the normal virus life

cycle(Cheng, 1995; Lu et al., 2010).

1.6.4 Drugs targeting HIV integrase

Since integration is the key step in HIV infection process, integrase naturally is one
important target for drug development. Integrase was encoded by pol gene of the
human immunodeficiency virus (HIV){(Holler et al., 1993). This gene is required for
HIV-1 replication by encoding viral enzymes. HIV-1 integrase is derived from the
translated protein precursor of pol together with reverse transcriptase and
protease(Netzer et al., 1993). The polyprotein precurser is called Prl60gag-pol. It
encodes PR (pl0), RT(p61/p52) and IN (p31). IN (p31} is the encoding gene for
integrase. HIV-1 integrase is a key enzyme for HIV infection. This enzyme enables
the virus to incorporate its genome into host genome efficiently. This leads to the
result of permanent infection. Structurally HIV-1 integrase is composed of three
functional domains. The zinc fnger, catalytic core domain and DNA binding domain.
HIV-1 integrase was consisted of 288 amino acids, in which a 13 amino acid region
spanning residues 161-173 conferred nuclear localization and was defined nuclear
localization signal. Valine at position 165 and arginine at position 166 are essential
for translocation of integrase(Bouyac-Bertoia et al., 2001; Bukrinsky and Haffar,
1997; Bukrinsky et al., 1993).



Integrase is a target with many advantages. First, integrase catalyzes the critical step
of intergration in HIV infection. Without integration, HIV cannot cause permanent
infection. Second, at present, there is only one integrase inhibitor approved by FDA
targeting the strand transferred step. It is raltegravir from Merck. Raltegravir
(MKO0518) is a pyrimidine carboxamide integrase inhibitor. Its name is
N-[(4-fluorophenyl)methyl]-1,6-dihydro-5-hydroxy-1-methyl-2-[ 1-methyl-1-[[(5-met
hyl-1,3,4-oxadiazol-2-yl)carbonyl]amino]ethyl]-6-0xo0-4-pyrimidinecarboxamide
monopotassium salt (C20H20FKN60O5)(Anker and Corales, 2008; Buzon et al.,
2008).

Since integrase has no cellular counterpart in human body, it has become an important
target for anti-HIV drug development. Many studies have been conducted on HIV
integrase in order to illustrate its structure and function. In 1996, HIV-1 integrase was
expressed with a yeast expression system in order to investigate its potential lethal
effect mediated by DNA damage(Caumont et al., 1996). Some integrase mutants were
found fail to interact with LEDGF and proved to be essential for integrase function in
HIV-1 replication(Emiliani et al., 2005). The crystal structure of integrase is
important for understanding the function of this enzyme in HIV-1 infection process. It
is also a key factor for drug development. The catalytic core domain of HIV-1
integrase in complex with an inhibitor (SCITEP) was reported in 1999. The inhibitor
was found to bind centrally in the active site of the integrase and made a number of

close contacts with the protein(Goldgur et al., 1999).

The LEDGF is the first identified cellular factor which involved in the interaction
with HIV-1 integrase. HIV-1 integrase is transported into nucleus as a part of PIC
together with LEDGF. Scientists have realized that the interaction between integrase
and LEDGF is critical for HIV-1 replication. The interaction between HIV-1 integrase
and LEDGF has become a new target in integrase inhibitors development. The crystal

structure of HIV-1 integrase catalytic core domain dimer in complex with LEDGF
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integrase binding domain was reported in 2005(Cherepanov et al., 2005). The crystal
structure is collected in Protein Data Bank (PDB ID: 2B4J).

The crystal structure of HIV-1 integrase contains dimeric catalytic core domain of
HIV-1 integrase complexed to the IN-binding domain of LEDGF was reported in
2005(Cherepanov et al., 2005). The principal structural features of integrase that were
recognized by the LEDGF were the backbone confirmation of residues 168-171 from
one monomer and a hydrophobic patch that is primarily comprised of alpha-helices 1

and 3 of the second integrase monomer(Cherepanov et al., 2005).

The discovery of beta-diketo acids was a crucial event in the validation of IN as a
legitimate target in drug discovery against HIV infection(Dayam et al., 2005; Nair et
al., 2006). In 2005, Dayam and coworkers discovered a novel class of IN inhibitors
using a 3D pharmacophore guided database search(Dayam et al., 2005). They used
$-1360 (Shionogi-GlaxoSmithKline Pharmaceuticals), the IN inhibitor which was
undergoing clinical trials, and three other analogues to develop a common feature
pharmacophore hypothesis(Dayam et al., 2005). 1700 compounds were yielded from
a multiconformational database of 150,000 structurally diverse small molecules
testing with the above four featured pharmacophore(Dayam et al., 2005). All 1700
compounds docked into the active site of integrase in subsequent molecular
docking(Dayam et al., 2005). Then 110 compounds were selected for biological
screening on the basis of docking results, Lipinski's rule-of-five, and structural
novelty(Dayam et al., 2005). Researchers found that compounds that contained both
salicylic acid and a 2-thioxo-4-thiazolidinone (rhodanine) group showed significant
inhibitory potency against IN, while the presence of either salicylic acid or a
rhodanine group alone did not(Dayam et al.,, 2005). Though some compounds
containing only a salicylic acid showed inhibitory potency against IN, none of the
compounds containing only rhodanine exhibited considerable potency(Dayam et al.,
2005). Researchers reported 52 compounds in that study, and 11 compounds inhibited

3'-processing or strand transfer activities of IN with IC(50) < or = 25puM(Dayam et al.,
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2005). That was the first reported use of S-1360 and its analogues as leads in
developing a pharmacophore hypothesis for IN inhibition and for identification of

new compounds with potent inhibition of this enzyme(Dayam et al., 2005).

The discovery of salicylic acid containing compound as HIV-1 inhibitor is really
interesting(Dayam et al., 2005; Rinaldi et al., 2011; Woloschak et al., 1995). Rinaldi
and coworkers synthesized three novel series of salicylic acid derivatives using three
versatile and practical synthetic strategies and were assayed for their capacity to
inhibit the catalytic activity of HIV-1 integrase(Rinaldi et al., 2011}, Biological
experiments showed that some of the synthesized compounds possess good inhibitory
potency in enzymatic assays and inhibited viral replication in MT-4 cells at low
micromolar concentrations(Rinaldi et al.,, 2011). Finally, docking studies were
conducted to analyze the binding mode of the synthesized compounds within the
DNA binding site of integrase, providing information to refine their structure-activity

relationships(Rinaldi et al., 2011).

Lens epithelium-derived growth factor (LEDGF/p75) is the first discovered cellular
cofactor of HIV-1 integrase that promotes viral integration by tethering the
preintegration complex to the chromatin(Botbol et al., 2008; Christ et al., 2010; Llano
et al.,, 2006; Maertens et al., 2003). Because of its crucial role in the early steps of
HIV replication, the interaction between LEDGF/p75 and HIV-1 integrase represents
an attractive target for antiviral therapy(Christ et al., 2010; De Luca et al., 2010; Du et
al., 2008; Hayouka et al.,, 2010a). Christ and coworkers had rationally designed a
series of 2-(quinolin-3-yl) acetic acid derivatives (LEDGINSs) that acted as potent
inhibitors of the LEDGF/p75-integrase interaction and HIV-1 replication at
submicromolar concentration by blocking the integration step(Christ et al., 2010). In
their study, a 1.84-A resolution crystal structure corroborated the binding of the
inhibitor in the LEDGF/p75-binding pocket of integrase(Christ et al., 2010).

In research of effective HIV-1 integrase inhibitors, not only natural compounds were
screened, new derivatives were synthesized on the basis of screened effective
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compounds, but also inhibitors composed of short peptides were approached for their

ability to inhibitor virus infection and replication through this enzyme.

Hayouka and coworkers also had developed a new approach for inhibiting IN by
"shiftides": peptides derived from its cellular binding protein LEDGF/p75 that inhibit
IN by shifting its oligomerization equilibrium from the active dimer to an inactive
tetramer(Hayouka et al., 2008). In addition, they described two peptides derived from
the HIV-1 Rev protein that interacted with IN and inhibit its activity in vifro and in
cells(Hayouka et al., 2008). In their study, results showed that the Rev-derived
peptides also act as shiftides(Hayouka et al., 2008). They demonstrated that IN was
dimeric when bound to the viral DNA, but tetrameric in the presence of the
rev-derived peptides through analytical gel filtration and cross-linking
experiments(Hayouka et al., 2008). Rev-derived peptides inhibited the DNA binding
of IN in fluorescence anisotropy studies(Hayouka et al., 2008),

After described a peptide derived from residues 361-370 of the IN cellular partner
protein LEDGF/p75, which inhibited IN catalytic activity in vitro and HIV-1
replication in cells(Hayouka et al, 2007, Hayouka et al.,, 2008), Hayouka and
coworkers performed a comprehensive study of the LEDGF 361-370 mechanism of
action in vitro, in cells and in vivo(Hayouka et al., 2010b). They demonstrated that all
residues in LEDGF 361-370 contribute to IN binding and inhibition through alanine
scan, fluorescence anisotropy binding studies, homology modeling and NMR
studies(Hayouka et al., 2010b). They also demonstrated that LEDGF 361-370
specifically inhibited integration of viral cDNA through kinetic studies in
cells(Hayouka et al., 2010b).

Hayouka and coworkers used a cyclic peptide library with conformational diversity
for selecting an active and stable peptide that mimicked the structure and activity of
the HIV-1 integrase (IN) binding loop from its cellular cofactor LEDGF/p73 (residues
361-370)(Hayouka et al., 2010a). All the peptides used in the library had the same
primary sequence, differing only in their conformation(Hayouka et al., 2010a). Finally,
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the cyclic peptide, c¢(MZ 4-1), was found to be a potent and stable inhibitor of IN
activity in vitro and in cells even after 8 days(Hayouka et al., 2010a). The peptide,
c¢(MZ 4-1), obtained a bioactive conformation that was similar to the parent site in

LEDGF/p75 revealed by NMR structure(Hayouka et al., 2010a).

Phage display technique was also applied in an attempt to search for peptides in vitro
selection procedure that specifically interact with integrase (IN) and inhibit its
function. Desjobert and coworkers used a phage display library of random
heptapeptides to screen for potential peptide ligands of HIV-1 IN(Desjobert et al.,
2004). Several phage clones were identified that specifically bound IN by researchers.
Two peptides (FHNHGKQ and HLEHLLF) exhibited a high affinity for IN and were
chemically synthesized(Desjobert et al., 2004). High affinity was confirmed by a
displacement assay(Desjobert et al., 2004). Displacement assay showed that
FHNHGKQ and HLEHLLF were able to compete with the phages expressing the
corresponding peptide(Desjobert et al., 2004). None of them inhibited the
3'-processing reaction when assayed on the in vitro IN activities(Desjobert et al.,
2004). The FHNHGKQ peptide was found to be an inhibitor of the strand transfer
reaction(Desjobert et al., 2004).

Drug design and synthesis on the basis of IN structural information is always a
promising direction in IN inhibitors development(Kong et al., 2005). The peptides
derived from the helix of IN were reported to have the potency of inhibition(Kong et
al., 2005). Kong and coworkers designed a series of peptides based on interface with
the aim of increasing their inhibitory activity. Researchers claimed that the
helix-forming tendency and the affinity with IN were essential for interfacial peptide
inhibitors(Kong et al., 2005). Favorable results for the designed peptides were got
through MD simulation and AGADIR prediction(Kong et al., 2005). Then the
designed peptides were tested for binding mode and binding free energy of peptide
with IN(Kong et al., 2005). Researchers found that improvement in binding free

energy compared with that of interfacial alphal and alpha$ of the integrase dimer
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indicated that some of the designed peptides may have a higher potency for inhibiting
the dimerization of IN(Kong et al, 2005). Their study provided some useful
information for rational design of IN peptide inhibitor(Kong et al., 2005).

Although plenty of trials have been made in HIV-1 integrase inhibitors searching, and
many kinds of different substances such as STI(Marchand et al., 2009), recently
developed hydroxylated aromatics, natural products, peptide, antibody and
oligonucleotide inhibitors have been demonstrated as potential anti-HIV integrase
drug candidates with promising effects, small molecules may be the most feasible and
effective candidates for HIV-1 IN inhibitors development(Dayam and Neamati, 2003;

Marchand et al., 2009; Tramontano et al., 2004; Yang et al., 2010).

1.7 Vaccine development

Vaccine is the most effective way in preventing virus from widely transmission.
Vaccine is successful and effective in controlling many virus causing diseases such as
HBV, Measles, Mumps & Rubella Virus. For some RNA viruses with high
frequently mutation, vaccine proven to be effective as it does in flu control. But for

HIV, all available vaccines failed in the past decades.

There are three main challenges in development of HIV vaccine. First, because of
thermostability concealed conserved target, highly variable exposed targets and heavy
glycosylation, HIV is difficult to induce long-lasting neutralizing antibodies. Second,
HIV integrates viral DNA into host genome to cause a permanent infection. Third, the
HIV reverse transcriptase is an enzyme of high error rate, this leads to the high

variability in HIV replication.

HIV vaccine development is mainly focused on cellular immunity induction at present.
Living viral vector technologies and DNA vaccines are introduced into HIV vaccine
development. HIV-1 envelop proteins are also important targets in HIV vaccine

development in recent years(Charles-Nino et al., 2011; Ndirangu et al,, 2011). The
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first HIV vaccine which was demonstrated modest protective efficacy was RV144
trial conducted in Thailand. Although waned considerably over time, the estimated
initial efficacy was 7174%(Rerks-Ngarm et al., 2009; Schneider et al., 2011). Recently
Karen Schneider and coworkers developed a mathematical model to reflect historical
and current HIV trends across different at-risk populations in Thailand(Schneider et
al., 2011). A study conducted with this model denmonstrated that an RV144-like
vaccine with coverage of 30% of the population would lead to a 3% reduction in HIV
incidence during the next 10 years while 30% coverage of annual or biannual
re-vaccination with the vaccine was found to result in 14% and 23% reductions in
incidence, respectively; Also, coverage of 60% without re-vaccination resulted in a

7% reduction(Schneider et al., 2011).

1.8 Question and hypothesis

According to the World Health Organization's estimates in 2007, close to 33 million
people worldwide are living with HIV/AIDS. AIDS is becoming a major healthcare
threat to many countries, particularly the developing countries like China. There are
more than 740 thousand cases have been reported to be infected with HIV up to now,
In the past two decades, significant progress has been made in understanding HIV
pathogenesis and AIDS progression, which has allowed the identification of a

multitude of drugs and vaccine targets.

Since there is no effective vaccine for the prevention and treatment of HIV infection,
the HAART is still the most effective way in AIDS treatment. HAART requires a
combination of different drugs targeting different steps in virus infection. Althought
more than 20 kinds of drugs have been approved in the past 2 decades, some AIDS
patients still cannot find suitable drugs for therapy. Why? This is probably due to the
high mutation rates of HIV. Another factor, emerging of drug resistant viruses is also

an important reasor.
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The anti-HIV drugs are mainly targeting the reverse transcriptase and protease of HIV.
Besides, many drugs have been developed aiming at several steps in virus infection,
including the drugs directly or indirectly targeting the HIV envelope, the drugs
targeting the fusion of virus and the cell membrane, the drugs targeting the HIV
integration, the drugs targeting the virus proteins synthesis and transportation, finally

the drugs targeting the virus budding.

In the history of AIDS drug development, zidovudine (NRTI), is the first anti-HIV
drug that is approved for AIDS treatment(Vrang et al., 1987). This is a drug targeting
the reverse transcriptase. After that, another six NRTIs were approved. More reverse
transcriptase inhibitors including three non-nucleoside reverse transcriptase inhibitors
(NNRTIs) and one nucleotide reverse transcriptase inhibitor have been approved(De
Clercq, 2009) in the past decades. For HIV-1 protease, totally eight inhibitors have
been approved(Rodriguez-Barrios and Gago, 2004).

Although currently available drugs have greatly decreased the mortality rate of AIDS,
drug resistance is an inevitable consequence that limits the duration of successful
treatment(Baldwin et al., 2004). Thus, a preventative vaccine remains the top priority;
however, no vaccine trial performed up to now is successful. Therefore, we must

strive to develop new drugs to reduce the viral loads after HIV infection.

In this study, a cell-based assays is established to examine the nuclear translocation of
HIV-1 IN. In principle, the translocation of HIV-1 IN from cytoplasm into the nuclei
is a critical step to mediate incorporation of viral DNA into host DNA(Desfarges et al.,
2009). Therefore, compounds that are able to block the translocation of HIV-1 IN into
nucleus should be potential inhibitors of viral integration. The natural compounds
isolated from exotic herbs should provide a good resource for the screening of
blockers of HIV-1 integrase into the nucleus. It was hypothesized that if any chemical
or natural product that can inhibit the HIV-1 integrase nuclear translocation, these

compounds maybe new types of HIV-1 integrase inhibitor candidates.
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CXCR4 and CCRS are the two common receptors of HIV, expressing respectively on
human T cells and macrophages. In November 2010, some researchers from The
Scripps Research Institute and University of California at San Diego reported the
structures of the CXCR4 chemokine GPCR with small-molecule and cyclic peptide
antagonists. In that study, the crystal structures of human CXCR4 in complex with a
small-molecule antagonist at 2.5 A resolution and with a cyclic peptide inhibitor at
2.9 A resolution were repoted(Wu et al., 2010). As natural ligand of CXCR4, SDF-1a,
inhibits cell fusion and infection by HIV strains of the syncytium-inducing (SI}
phenotype (Bleul et al, 1996). So SDF-luo interact with CXCR4 and induce
internalization of CXCR4 is a good target for anti-HIV drugs development(Jenkinson
et al., 2010). Any chemical or natural products that can inhibit the SDF-1a induced

CXCR4 internalization maybe important anti-HI'V drug candidate!
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2.1 Materials

2.1.1 Chemicals

DNA primers, 100bp marker, 1kb marker, agarose (electrophoresis grade) and
phosphate-buffered saline (PBS) were purchased from Invitrogen (Invitrogen
Corporation, CA, USA). The compounds were purchased from SPECS bank. The
structure and purity were confirmed by NMR (dissolved in DMSO-D6). 2—ME,
2-Mercaptoethanol were purchased from Bio-Rad. Natural product DW-IN719 was
purchased from ChemBridge. KM and KX compounds screened for integrase
inhibitors and CXCR4 internalization antagonists were provided by Kunming Institute
of Zoology, the Chinese Academy of Sciences. AZT (3’-Azido-3’-deoxythymidine),
HEPES, MTT, Penicillin, Streptomycin sulfate, Glutamine, DMSO-D6 (Dimethyl
sulfoxide-D6) and AMD3100 were purchased from Sigma Chemicals (Sigma-Aldrich,
MO, USA). All other chemical and reagent were of molecular grade or higher grade.

2.1.2 Enymes, proteins and virus

T4 DNA ligase and restriction enzymes were purchased from New England BioLabs
(New England BioLabs Inc. MA, USA). Ampli Tagq Golden polymerase was
purchased from Roche. Superscript Il reverse transcriptase and RNaseH were
purchased from Invitrogen (Invitrogen Corporation, CA, USA). SDF-la was
purchased from R & D Systems. The laboratory-derived viruses HIV-1IIIB and
human T cell line C8166 was obtained from MRC, AIDS Reagent Project, UK.

2.2 Methods

2.2.1 Cell based HIV-1 integrase inhibitors screening platform construction

2.2.1.1 PCR for HIV-1 Integrase-EGFP amplification

The PCR mixture was set up in a 50pl reaction containing 2pl of the integrase
containing plasmid(pT7-7 His(Tx) HIV-IN plasmid, gift from Dr. S.A. Chow from
Schiool of Medicine, UCLA), as the template, Sul 10X PCR Golden buffer (Roche);
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3ul 25mM MgCl; (Roche); Tul of 10mM dNTP mix (Invitrogen), 1pl of each 10mM
forward primer and 10uM reverse primer and 1pl of Ampli Taq Golden polymerase
(Roche) (SU/ul} and adjusted the volume by autoclaved distilled water. The PCR
reaction was carried out at denaturation temperature at 94°C for 3 minutes. Then the
amplification was performed at 94°C for 30 seconds, 55°C for 30 seconds, 72°C for 30
seconds for 30 cycles. A final extension step was given at 72°C for 7 minutes. The
thermal cycling reaction was carried out in the thermal cycler (Eppendrof Matercycle

gradient).
Forward primer: 5-CAATCGGGATCCATGTTTTITAGATGGAATAGATAAGGC

(Bam HI)
Reverse primer:  5-CTTTTCGCGGCCGCTTAATCCTCATCCTGTCTACTTGC

(NotI)

2.2.1.2 Gel Analysis of PCR Product
After the PCR amplification, 5pl of PCR product was examined by 1% agarose gel in

presence of 0.5ug/ml ethidium bromide with 100bp marker.

2.2.1.3. Purification of PCR product

The PCR product was purified by using the High Pure™ PCR Product Purification
Kit (Boehringer Mannhem) following the manufacturer’s guide. Briefly, 50pl of PCR
product after PCR was mixed with binding buffer. The mixture was loaded in the
upper reservoir of High Pure filter tube and centrifuged at 13,000 rpm for 30 seconds.
The flow through was discarded and 500ul of wash buffer was added to the upper
reservoir and centrifuged at 13,000 rpm for 30 seconds. The washing step was
repeated one more time by using 200ul washing buffer. The PCR product was eluted
out by 50l elution buffer by centrifugation in 13,000 rpm for 30 seconds. The
purified PCR product was stored in -20°C.

2.2.1.4 Restriction enzyme digestion
The Tet-off expression vector pTRE2hyg (Clontech) and the PCR product were
digested with BamHI/Notl. Vector was digested with 0.5p) of both Pmel (20,000U/ml,
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NEB) and Mlul (20,000U/m]1, NEB), in 1X NEB buffer 4 and 1X NEB BSA in 37°C
overnight. Integrase-EGFP PCR product was digested with 0.5ul of Miul
(20,000U/mi, NEB), in 1X NEB buffer 4 and 1X NEB BSA in 37°C overnight. All
the reaction mixtures were then incubated in 65°C for 20 minutes for restriction

enzyme inactivating.

2.2.1.5 Gene Clean

The digested vector and insert were purified by the QIAquick gel extraction kit
(QIAGEN). Briefly, the digested products were undergoing electrophoresis in 1%
agarose gel. The gel containing vectors/inserts was slicing by clean scalpel. The gel
was weighted and 3 volume of QG buffer (100mg added 100pl) was added and
incubated in 50°C for 10 minutes for completely dissolved. The QG buffer was then
passed through QIAquick spin column by centrifugation in 13,000 rpm for 1 minute.
DNA was washed by 0.75ml PE buffer by centrifugation in 13,000 rpm for 1 minute.
The trace amount of washing buffer was removed by centrifugation in 13,000 rpm for
[ minute one more time. Finally, DNA was eluted in 50ul eiution buffer in 1.5 mi

centrifuge tube and stored in -20°C.

2.2.1.6 Ligation

The ligation was performed in 1:5 of vector to insert ratio. 10ul ligation mixture was
set up: 10ng linearized expression vector, 1ul 10X T4 ligase buffer (NEB) and 50ug
digested integrase-EGFP DNA was mixed with 1X NEB T4 ligation buffer. 1pl of
NEB T4 ligase (SU/ul) was added and incubated in 16°C overnight.

2.2. 1.7 Preparation of competent bacterial cells (E.coli strain DH5«)

Single colony of E.coli cell, DHS5a, was inoculated into 50ml LB medium at 37°C

with 250 rpm shaking overnight (<16 hours). The next day, 4 ml of overnight culture

was inoculated into 400ml LB medium in 2-liter flask and grown at 37°C with

250rpm shaking for about 3-4 hours until its absorbance at wavelength 600nm (ODsgoo)
reach 0.5 for mid-log phase. The bacterial cells were aliquoted in 50 ml pre-chilled,
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sterile polypropylene tube (totally 8 tubes) for 10 minutes on ice cooling and
harvested by centrifugation at 4,000 rpm for 10 minutes at 4°C. The medium was
decant from cells pellet and the traces amount of medium was removed by standing
the tube in an inverted position on a pad of paper towels for 1 minute. Each of the cell
pellets was resuspended in 10ml ice-cold CaCl; solution (60mM CaCl,) in gently and
centrifuged at 4,000 rpm for 10 minutes at 4°C. The medium then was removed as
mention before and resuspended in 10ml cold CaCl; solution again and incubated in
ice for 30 minutes. Each of the cell pellets then resuspended in 2ml cold CaCl,
solution with 10% glycerol (w/v). 50ul of resuspended competent cells was aliquoted

into per-chilled 1.5ml eppendorf and stored in -80°C.

2.2.1.8 Transformation into DHSa

The ligation product was transformed into DHS5a E.coli competent cell by
heat-shocking. Frozen competent bacterial cells, DH50, were thawed on ice for 10
minutes. 1pl of plasmid was mixed gently with 50pul thawed competent cell and
incubated in ice for 10 minutes. The mixture was incubated in 42°C for 90 seconds,
and then chilling in ice for 5 minutes. 200ul LB medium was added in transformed
competent cells and incubated in 37°C for 1 hour with shaking at 250 rpm. 50pul of
incubated product was spread on agar plate with 100pg/ml ampicillin and incubated in

37°C overnight.

2.2.1.9 Selection of positive colony

Ten different single colonies of different sets of transformation were inoculated in
Iml LB medium with 100 pl/ml ampicillin at 37°C for overnight (<16 hours) with 250
rpm shaking. 100l of the cell was spun down at 13,000 rpm for 1 minute. Cell pellet
was resuspended by autoclaved distillated water and boiled in 100°C for 2 minutes.
Cell pellet was removed spun down at 13,000 rpm for 1 minute. 1l of the supernatant
was used as the template for PRC as mentioned in section 2.2.2.3. The PCR product

was analyzed with 1% agarose gel.
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2.2.1.10 Small scale plasmid purification

The positive clone remained culture was used on plasmid preparation by using the
QIAprep Spin Miniprep kit. Briefly, remained over night culture was collected by
centrifugation in 13,000 rpm for 1 minutes. The pellet was resuspended in 250ul
Buffer P1 with RNaseA by vortex. 250ul Buffer P2 was added and mixed gently by
inverting the tube 10 times and incubated in room temperature for 2 minutes. 250l
Buffer N3 was added and mixed the tube by inverting 10 times immediately. The
precipitation was spun down at 13,000 rpm for 10 minutes. The supernatant
containing plasmid was loaded on the QIAperp colmum and centrifuged in 13,000
rpm for 1 minute. 0.75ml Buffer PE was loaded in the column and centrifuged in
13,000 rpm for 1 minute to wash the plasmid. The trace amount of PE was further
removed centrifuged in 13,000 rpm for 1 minute again. The plasmid was eluted out by
50 ul Buffer EB (10mM Tris-Cl, pH 8.5). The plasmid was stored in -200C.

The plasmid for pTRE2hyg with IN-EGFP DNA was named pTRE2hyg-IN-EGFP.
The concentration of plasmid was measured under ODy¢ 1pg of plasmid was taken

for sequencing analysis by Tech Dragon Limited.

2.2.1.11 Large scale plasmid preparation by alkaline lysis and phenol/chloroform
extraction

Tet off vector pTRE2hyg-IN-EGFP and control vector pTRE2hyg-EGFP were
transformed into DHS5a competent cells respectively according to the protocol
mentioned before. Single clones were picked and positive clones were selected as
mentioned in before. For each vector, single clone was picked and inoculated in 20
ml LB medium with 100pg/ml ampicillin in 370C with 250rpm shaking for overnight
(<16 hours). Overnight culture was centrifuged down at 5000rpm at 25°C for 15
minutes. Cell pellet was resuspended in 2ml Solution 1 (25mM Tris-Cl, pH 8.0,
10mM EDTA, 50mM glucose 100pg/ml RNaseA) by vortex. 2ml fresh prepared
Solution 2 (0.2M NaOH and 1%SDS) was added and mix by inverting the tube 10
times. The mixture was kept at room temperature for 5 minutes. 2ml Solution 3 (5M
potassium acetate, pH 4.8) was added and mixed by inverting the tube 10 times. The
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mixture was kept at room temperature for 10 minutes. The mixture was centrifuged at
11,000rpm at 25°C for 15 minutes. The supernatant was transferred to new tube.
0.6v/w isopropanol was added and incubated at room temperature for 5 minutes for
DNA precipitation. DNA pellet was centrifuged down at 11,000rpm for 15 minutes at
25 °C. DNA pellet was washed with 2ml 75% ethanol. The DNA was then dry in

room temperature for 5-10 minutes and dissolved in 0.5ml autoclaved distilled water.

The plasmid was further purified by phenol/chloroform extraction. 0.5ml
phenol/chloroform was mixed with DNA prepared above and vortex vigorously for 5
minutes. Milky mixture was centrifuged at 15,000rpm for 10minutes. The upper
aqueous layer was transferred to new tube.1/10 volume of 3M sodium acetate (NaAc),
pH 5.2, was added and mixed well by vortex, 2 volume of absolute {100%) ethanol
was added and mixed by vortex to precipitate the plasmid. DNA pellet was
centrifuged at 15,000rpm for 10 minutes and washed with 1ml 75% ethanol. The
pellet was dried for 5-10 minutes. The plasmid was dissolved in 50ul autoclaved
water for 15 minutes. The concentration of plasmid was measured under ODyg The

plasmid was diluted to final concentration 0.5pug/ul and stored in -20°C.

2.2.1.12 HeLa Tet-Off Advanced Cells culture and passage
HeLa Tet-Off Advanced Cells (Clontech) were cultured in 100 mm?2 culture plates

with Dulbecco’s Modified Eagle Medium with 25mM HEPES and 10% Tet-System
Approved Fetal bovine serum (FBS) (Clontech #8630-1), geneticin (G418. 100 pg/mb)
hygromycin (100ug/ml) were used for the keeping of Tet-off cell line. This was the
whole medium for normal keeping of cells. For every 3-4 days, the medium was
removed and the cells were washed with 10 ml PBS, followed by trypsinization by
adding 1ml of trypsin/EDTA solution. The cells were agitated for the dissociation of
cells from the surface of the culture plate for 5 minutes at room temperature, 1 ml
DMEM was added to stop the trypsin reaction. The suspension was transferred into a
snap-cap and centrifuged at 1800 rpm for 4 minutes at room temperature, The cell

pellet was resuspended in 1 ml DMEM. After counting the cells, cells were seeded at
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a density of 2 x 10° cells into a new culture plate with 10 ml medium. The cells were
incubated in a 5§ % CO2 incubator at 37 °C.

2.2.1.13 Transfection of pTRE2hyg-IN-EGFP into HeLa Tet-Off Advanced cells

Twenty-four hours before transfection, 2 x 10° HeLa Tet-Off Advanced cells were
seeded onto a flamed glass plate in 24-well plate (BD) in DMEM whole culture
medium. EGFP-C-IN expression vector was transfected into HeLa Tet-Off Advanced
cells using Lipofectamine 2000 reagent (Invitrogen) in accordance with the following
description. For each well of cells, dilute 1pg of DNA into 25 pl medium without
serum (e.g., OptiMEM® I Medium) in 24-well, sterile micro titer plates. For each
well of cells, dilute 5 pl of Lipofectamine™ 2000 into 100 pl OptiMEM® Medium
and incubate for 5 min at room temperature. Once the Lipofectamine™ 2000 is
diluted, combine it with the DNA within 30 min. Longer incubation times may result
in decreased activity. This dilution can be prepared in bulk for multiple wells. Add
100 wl of the diluted Lipofectamine™ 2000 to each well containing diluted DNA, mix
gently, and incubate at room temperature for 20 min to allow DNA- Lipofectamine™
2000 complexes to form. Add the DNA- Lipofectamine™ 2000 complexes (200ul)
directly to each well of the plates containing cells and mix gently. The medium was
removed five hours after transfection. Twenty-four hours after transfection, cells were
fixed with 4% paraformaldehyde in PBS for 15 min at RT. EGFP expression vector

was transfected into HeLa Tet-Off Advanced cells using the same protocol as control.

2.2.1.14 Fluorescence microscopy analysis

The cells that seeded on the flamed glass plate in the 24 well-plate were washed with
1ml PBS to remove the death cell after 24 hours post-transfection. The glass plate was
mounted on the stage adaptor (Model: SA-20L/Z) with growing medium. Fluorescent
imaging was carried out to monitor EGFP expression. Images were collected using

Leica SP5 confocal microscope.

2.2.2 Virtual screening of integrase inhibitors
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Based on the crystal structure of the IN CCD-LEDGF IBD complex (PDB ID: 2B4J),
a small-molecule database that contained about 30000 drug-like compounds from the
library of the SPECS company was searched by using the program AutoDock 4.2.
First, IBD part of the crystal structure was removed. Second, AutoDockTools 1.5.4
was employed to add hydrogen atoms, remove water molecules, and optimize the grid
box according to the IBD binding site. Last, small molecules were docked into the
binding pocket of IN CCD with the aid of the AutoDock program, and were ranked
according to the scores that were calculated by using the energy scoring function in

the AutoDock 4.2 software.

The whole docking operation in this study could be stated as follows. A grid map with
40x40x40 points and a spacing of 0.375 A was generated by using the AutoGrid 4.2
program. The grid centre was set at the active-site position (-14.685, 4.189, -7.387),
and the affinity and electrostatic potential grids were calculated for each type of atom
in the inhibitors. The Lamarckian genetic algorithm (LGA) was applied to deal with
the protein—ligand interactions. The number of generation, energy evaluation, and
docking runs were set to 500 000, 2 500 000 and 20, respectively. The evaluation with
the lowest binding energy was used to analyze ligand pose. Twenty-three candidate
molecules were selected for further study; all these compounds were purchased from
the SPECS.NET (http://www.specs.net/). Finally, the interaction model of IN CCD
with ligand was produced by using the LIGPLOT program, and was based on the

docked complex structure.

2.2.3 Cell based screening of integrase inhibitors

2.2.3.1 SPECS compounds’ test of integrase nuclear translocation inhibition

HelLa Tet-Off Advanced Cells (Clontech) were cultured and maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 100pg/ml G418 and 100 U/ml of streptomycin—penicillin (Invitrogen) at 37 °C
in a 5% CO2 incubator. Twenty-four hours before transfection, 5x10* HeLa Tet-Off
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Advanced cells were seeded onto a black/clear 96-well plate (BD) in DMEM
containing 10% FBS. EGFP-C-IN expression vector was transfected into Hela
Tet-Off Advanced cells using Lipofectamine 2000 reagent (Invitrogen) in accordance
with the protocol mentioned above. The medium was removed five hours after
transfection. Fresh medium containing compound solution was added at final
concentrations of 1M, 5uM and 10pM separately. Corresponding concentrations of
DMSO were used as control. Twenty-four hours afier transfection, cells were fixed
with 4% paraformaldehyde in PBS for 15 min at RT and stained with Hoechst
33342(2pg/ml) for 15 min. The well was washed with 400ul PBS for twice.
Fluotescent imaging was carried out to monitor EGFP expression and Hoechst

staining. Images were collected using GE IN cell analyzer 1000 cell imaging system.

2.2.3.2 Cloning of HIV-1 integrase into pcDNA6/VS3-HisA

The HIV-1 integrase was amplified from the IN-C-EGFP expression vector with
the following primers:

Forward Primer; 5-CAGCGTAAGCTTATGTTTTTAGATGGAATAGATAAG

(Hind IIT)

Reverse Primer: 5’-GTGGATCTCGAGTTAATCCTCATCCTGTCTACTTGC (Xho
1y
PCR product was purified as mentioned in 2.2.1.3, then the PCR purified PCR

product and pcDNA6/VS-HisA was digested with restriction enzymes as mentioned in
2.2.1.4, DNA insert and linearized Vector was performed gene clean as mentioned in
2.2.1.5, insert and vector was ligased as mentioned in 2.2.1.6; Recombinant plasmid
was transformed into DH5¢ competent cells as mentioned in 2.2.1.8; Positive clone
was selected as mentioned in 2.2.1.9; Large scale plasmid was prepared as mentioned
in 2.2.1.11. The concentration of plasmid was measured under OD,go 1ug of plasmid
was taken for sequencing analysis by Tech Dragon Limited. The recombinant plasmid

containing HIV-1 integrase was named as pcDNA6/V5-HisA-IN.

2.2.3.3 Immunofluorescence
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Transfection procedure and concentration of compounds were as mentioned above.
Twenty-four hours after transfection, cells were fixed in 4% paraformaldehyde in PBS
for 15 min at RT. The cells were rinsed in PBS, post fixed, and made permeable in
0.5% Triton X-100 at RT for 15 min. After rinsing with PBS, the cells were incubated
in 3% BSA for 1 hour, washed in PBS, and incubated in anti-integrase-1 antibody
(Santa Cruz Biotechnology) diluted with PBS containing 1% BSA for 1 hr at 37°C in
a humid chamber. Then cells were washed for 30 min in three changes of PBS at RT
and then incubated in FITC-conjugated antibody (Santa Cruz Biotechnology)
diluted with PBS containing 1% BSA for 1 hr at 37°C in a humid chamber Then cells
were washed as before. Cells were stained with PI (0.3 pg/ml) for 20 min, Fluorescent
imaging was carried out to monitor integrase expression. Images were collected using

Leica SP5 confocal microscope.

2.2.4 Screening of integrase inhibitors from drug database in Kunming institute
of Zoology, CAS

2.2.4.1 Human embryo kidney (HEK) 293T cell culture and passage

Human embryo kidney 293T cell line was purchased from ATCC. 293T cells were
cultured in 100 mm?2 culture plates with Dulbecco's Modified Eagle Medium

with 25mM HEPES and 10% Fetal bovine serum (FBS) (Invitrogen Cat # 10099-141),
1% of streptomycin—penicillin (Invitrogen Cat# 15140-122) was supplemented. This
was the whole medium for normal keeping of cells. For every 2-3 days, the medium
was removed and the cells were washed with 10 ml PBS. Then add 1ml 0.25%
Trypsin and kept for Sminutes for digestion. Wash the cells with 10 m]l PBS after
centrifuged at 1000rpm for 10 min, the cell pellet was resuspended in 1 ml DMEM
medium. After counting the cells, cells were seeded at a density of 2 x 10° cells into a
new culture plate with 10 ml full culture medium. The cells were incubated ina § %

CO2 incubator at 37 °C,

2.2.4.2 Screening of drug candidates by transfection of pEGFP-C1-IN into 293T
cell line
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Twenty-four hours before transfection, 5x10* 293T cells were seeded onio a 96-well
plate (BD) in DMEM containing 10% FBS. pEGFP-C1-IN expression vector was
transfected into 293T cells using Lipofectamine 2000 reagent (Invitrogen) in
accordance with the protocol mentioned above. The medium was removed five hours
after transfection. Fresh medium containing compound solution was added at final
concentrations of 1uM, S5uM and 10uM or 200ug/ml according to concentration of
different samples. Corresponding concentrations of DMSO were used as control.
Twenty-four hours after transfection, cells were fixed with 4% paraformaldehyde in
PBS for 15 min at RT. The well was washed with 400pl PBS for twice. Fluorescent
imaging was carried out to monitor IN-EGFP expression. Images were collected using

Leica DMI6000B fluorescent microscopy.

2.2.5 Synthesis of Novel HIV-1 integrase inhibitors
Based on the structural information of DW-IN6, DW-IN15 and DW-IN-16 provided
by NMR, one new compound was designed and synthesized. The principle concerns
of new compounds were to reinforce the anti-HIV activity as well as to reduce the
cytotoxicity to human cells and human body. Newly synthesized compound was
‘deﬁgnated INNE-1. After synthesis, INNE-1 was dissolved in DMSQO-D6 and
analyzed by NMR. Following the synthesis route of INNE-1, another five compounds,
INNE-2, INNE-3, INNE-4, INNE-5 and INNE-6 were synthesized later. INNE-I,
INNE-2, INNE-3, INNE-4, INNE-5 and INNE-6 were synthesized in corporation with
Dr. Joseph Chan.

2.2.5.1 Inhibition assay of INNE-1 on HIV-1 integrase nuclear translocation

Twenty-four hours before transfection, 2 x 10° HeLa Tet-Off Advanced cells were
seeded onto a flamed glass plate in 24-well plate (BD) in DMEM whole culture
medium. EGFP-C-IN expression vector was transfected into HeLa Tet-Off Advanced
cells using Lipofectamine 2000 reagent (Invitrogen) in accordance with the following
description. For each well of cells, dilute 1pug of DNA into 25 pl medium without
serum (e.g., OptiMEM® 1 Medium) in 24-well, sterile micro titer plates. For each
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well of cells, dilute 5 pl of Lipofectamine™ 2000 into 100 pl OptiMEM® Medium
and incubate for 5 min at room temperature. Once the Lipofectamine™ 2000 is
diluted, combine it with the DNA within 30 min. Longer incubation times may result
in decreased activity. This dilution can be prepared in bulk for multiple wells. Add
100 pl of the diluted Lipofectamine™ 2000 to each well containing diluted DNA, mix
gently, and incubate at room temperature for 20 min to allow DNA- Lipofectamine™
2000 complexes to form, Add the DNA- Lipofectamine™ 2000 complexes (200p.l)
directly to each well of the plates containing cells and mix gently. The medium was
removed five hours after transfection. Fresh medium containing compound solution
was added at final concentrations of 1uM, 5uM and 10uM separately. Corresponding
concentrations of DMSO were used as control. Twenty-four hours after transfection,
cells were fixed with 4% paraformaldehyde in PBS for 15 min at RT. EGFP
expression vector was transfecied into Hel.a Tet-Off Advanced cells using the same

protocol as control.

2.2.5.2 Inhibition assay of INNE-2, INNE-3, INNE-4, INNE-S, INNE-6 on HIV-1
integrase nuclear translocation

Twenty-four hours before transfection, 2 x 10° HeLa Tet-Off Advanced cells were
seeded onto a flamed glass plaie in 24-well plate (BD) in DMEM whole culture
medium. EGFP-C-IN expression vector was transfected into HeL.a Tet-Off Advanced
cells using Lipofectamine 2000 reagent (Invitrogen) in accordance with the following
description. For each well of cells, dilute 1ug of DNA into 25 pl medium without
serum (e.g., OptiMEM® I Medium) in 24-well, sterile micro titer plates. For each
well of cells, dilute 5 pl of Lipofectamine™ 2000 into 100 pl OptiMEM® Medium
and incubate for 5 min at room temperature. Once the Lipofectamine™ 2000 is
diluted, combine it with the DNA within 30 min. Longer incubation times may result
in decreased activity. This dilution can be prepared in bulk for multiple wells. Add
100 ul of the diluted Lipofectamine™ 2000 to each well containing diluted DNA, mix
gently, and incubate at room temperature for 20 min to allow DNA- Lipofectamine™
2000 complexes to form. Add the DNA- Lipofectamine™ 2000 complexes (200pul)
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directly to each well of the plates containing cells and mix gently. The medium was
removed five hours after transfection. Fresh medium containing compound solution
was added at final concentrations of 1pM, 5uM and 10pM separately. Corresponding
concentrations of DMSO were used as control. Twenty-four hours after transfection,
cells were fixed with 4% paraformaldehyde in PBS for 15 min at RT. EGFP
expression vector was transfected into HeLa Tet-Off Advanced cells using the same

protocol as control.

2.2.6 Cloning of human CXCR4 gene into lentivirus vector

2.2.6.1 Preparation of competent bacterial cell (E.coli strain DHS5a)

Single colony of E.coli cell, DH5a, was recovered from -80°C for competent cell
preparation. The experiment protocol was as mentioned in section 2.2.1.7. After
preparation, 50p of resuspension competent cell was aliquoted into per-chiltled 1.5ml

eppendorf and stored in -80°C for use.

2.2.6.2 H9 cell culture and passage

H9 cell line was purchased from ATCC. H9 cells were cultured in 100 mm? culture
plates with RPMI1640 with 25mM HEPES (Invitrogen Cat# 72400-120) and 10%
Fetal bovine serum (FBS) (Invitrogen Cat # 10099-141), 1% of
streptomycin—penicillin (Invitrogen Cat# 15140-122) was supplemented. This was the
whole medium for normal keeping of cells. For every 3-4 days, the medium was
removed and the cells were washed with 10 ml PBS afier centrifuged at 1000rpm for
10 min, the cell pellet was resuspended in 1 mi PRMI1640. After counting the cells,
cells were seeded at a density of 2 X 10° cells into a new culture plate with 10 ml full

culture medium. The cells were incubated in a 5 % CO2 incubator at 37 °C.

2.2.6.3. Reverse transcription polymerase chain reaction (RT-PCR)

RNA was extracted by adding 1 ml Trizol reagent (Invitrogen) into the culture dish,
and incubated at room temperature for 5 minutes. The Trizol solution was transferred
to a 1.5 ml tube and 0.2 ml chloroform was added, vortexed the tube vigorously for 15

41



seconds and incubated for 3 minutes, The tubes were centrifuged at 15000 rpm for 15
minutes at 4 °C. The aqueous phase was transferred to a fresh tube; the RNA was
precipitated by mixing with isopropanol at room temperature for 10 minutes and
centrifuged at 15000 rpm for 10 minutes at 4 °C. The pellet was washed with 1ml 75
% ethanol by vortexing and centrifuged at 7000 rpm for 5 minutes at 4 °C. The
residue solution was aspirated and the RNA pellet was allowed to air dry for 5
minutes. The pellet was not allowed to dry completely. RNA was dissolved by adding
RNase-free water for use directly or stored at =70 °C until use. For the first strand
cDNA synthesis: 1 pg of RNA sample was added into an RNase-free tube containing
the following components: 1 pl Oligo (dT) (500pg/ml); 12ul RNase-free distilled
water. The mixture was heated to 70 °C for 10 minutes and quickly chilled on ice. The
tube was spin by a brief centrifugation, followed by adding the components: 4pl 5X
First Strand Buffer, 2ul 0.1 M DTT and 1l 10 mM dNTPs. The tube was mixed
gently and incubated at 42 °C for 2 minutes. An amount 0.5ul of Superscript II (200
units, Invitrogen) was added and mixed by pipetting up and down. The tube was
incubated for 50 minutes at 42 °C. The reaction was inactivated by heating at 70 °C
for 15 minutes. The PCR reaction was followed the standard protocol as below: PCR
was performed with forward primer of CXCR4 (F:
5’AAACATGGAGGGGATCAGTATATACS’), reverse primer of CXCR4 (R:
5’AGCTGA GTAACAGCGGACGGGAATCCCAAA3Z’) and first strand cDNA as
template on a Pekin Elmer Gene Amp 9700 PCR machine. The PCR mixture was set
up in a 50pl reaction containing 2pl of the above cDNA, as the template, Su! 10X
PCR Golden buffer (Roche); 3ul 25mM MgCl; (Roche); 1ul of 10mM dNTP mix
(Invitrogen), 1pl of each 10mM forward primer and 10pM reverse primer and Ipl of
Ampli Tag Golden polymerase (Roche) (5U/ul} and adjusted the volume by
autoclaved distilled water. The PCR reaction was carried out at denaturation
temperature at 94°C for 3 minutes. Then the amplification was performed at 94°C for
30 seconds, 55°C for 30 seconds, 72°C for 30 seconds for 30 cycles. A final extension
step was given at 72°C for 7 minutes. The thermal cycling reaction was carried out in
the thermal cycler (Eppendrof Matercycle gradient).
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2.2.6.4 Gel Analysis of PCR Product
After the PCR amplification, Sul of PCR product was examined by 1.5% agarose gel

in presence of 0.5pg/ml ethidium bromide with 100kb marker.

2.2.6.5 Purification of PCR product
The PCR product was purified by using the High Pure™ PCR Product Purification
Kit {Boehringer Mannhem) following the manufacturer’s guide. Purification protocol

was as mentioned in section 2.2.1.3.

2.2.6.6 Restriction enzyme digestion

The lentivirus vector Pwpxl and the PCR product were digested with appropriate
restriction enzymes described as follows. Vector was digested with 0.5ul of both
Pmel (20,000U/ml, NEB) and Mlul (20,000U/ml, NEB), in X NEB buffer 4 and 1X
NEB BSA in 37°C overnight. CXCR4 PCR product was digested with 0.5pul of Mlul
(20,000U/ml, NEB), in 1X NEB buffer 4 and 1X NEB BSA in 37°C overnight. All
the reaction mixtures were then incubated in 65°C for 20 minutes for restriction

enzyme inactivation.

2.2.6.7 Gene Clean
The digested vector and insert were purified by the QIAquick gel extraction kit
(QIAGEN). Gene clean was conducted as mentioned in 2.2.1.5.

2.2.6.8 Ligation

The ligation was performed in 1:5 of vector to insert ratio. 10pl ligation mixture was
set up: 10ng lincarized expression vector, 1yl 10X T4 ligase buffer (NEB) and 50pg
digested CXCR4 ¢cDNA was mixed with 1X NEB T4 ligation buffer. 1pl of NEB T4
ligase (5U/ul) was added and incubated in 16°C overnight.

2.2.6.9 Transformation into DH5«
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The ligation product was transformed into DH5a E.coli competent cell by
heat-shocking. Frozen competent bacterial cells, DH5a, were thawed on ice for 10
minutes. 1pl of plasmid was mixed gently with 50ul thawed competent cell and
incubated in ice for 10 minutes. The mixture was incubated in 42°C for 90 seconds,
and then chilling in ice for 5 minutes. 200u! LB medium was added in transformed
competent cells and incubated in 37°C for 1 hour with shaking at 250 rpm. 50l of
incubated product was spread on agar plate with 100ug/ml ampicillin and incubated in

37°C overnight.

2.2.6.10 Selection of positive colony

Ten different single colonies of different sets of transformation were inoculated in
Imi LB medium with 100 pl/ml ampicillin at 37°C for overnight (<16 hours) with 250
rpm shaking. 100ul of the cell was spun down at 13,000 rpm for 1 minute. Cell pellet
was resuspended by autoclaved distillated water and boiled in 100°C for 2 minutes.
Cell pellet was removed spun down at 13,000 rpm for 1 minute. 1pl of the supernatant
was used as the template for PRC as mentioned in section 2.2.1.9. The PCR product

was analyzed with 1% agarose gel.

2.2.6.11 Small scale plasmid purification

The positive ¢lone remained culture was used on plasmid preparation by using the
QlAprep Spin Miniprep kit. Experiment protocol was as mentioned in section
2.2.1.10. The extracted plasmid was stored in -20 °C. The plasmid for pWPXL with
CXCR4 cDNA was named pWPXL -CXCR4. The concentration of plasmid was
measured under ODag 1pg of plasmid was taken for sequencing analysis by Tech

Dragon Limited.

2.2.6.12 Large scale plasmid preparation by alkaline Iysis and phenol/chloroform
extraction.

Transfer vector pWPXL-CXCR4, packing vector psPAX2 and envelope vector
pMD2G was transformed into DHSa competent cells respectively according to the
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protocol mentioned before. Single clones were picked and positive clones were
selected as mentioned in before. For each vector, single clone was picked and
inoculated in 20 ml LB medium with 100ug/ml ampicillin in 370C with 250rpm
shaking for overnight (<16 hours). Overnight culture was centrifuged down at
5000rpm at 25°C for 15 minutes. Then large scale plasmid preparation was conducted
following the protocol mentioned in section 2.2.1.11. After preparation, the plasmids
were dissolved in 50ul autoclaved water for 15 minutes. The concentration of
plasmids was measured under OD»gp The plasmids were diluted to final concentration

0.5pug/ul and stored in -20°C.

2.2.7 Production of recombinant lentivirus particle

2.2.7.1 Human embryo kidney (HEK) 293T cell culture and passage

Human embryo kidney 293T cell line was purchased from ATCC. 293T cells were
cultured in 100 mm? culture plates with Dulbecco's Modified Eagle Medium

with 25mM HEPES and 10% Fetal bovine serum (FBS) (Invitrogen Cat # 10099-141),
1% of streptomycin—penicillin (Invitrogen Cat# 15140-122) was supplemented. This
was the whole medium for normal keeping of cells. For every 2-3 days, the medium
was removed and the cells were washed with 10 ml PBS. Then 1ml 0.25% Trypsin
was added and kept for Sminutes for digestion. The cells were washed with 10 ml
PBS after centrifuged at 1000rpm for 10 minutes. The cell pellet was resuspended in 1
ml DMEM medium. After counting the cells, cells were seeded at a density of 2 x 10°
cells into a new culture plate with 10 ml full culture medium. The cells were

incubated in a 5 % CO2 incubator at 37 °C.

2.2.7.2. Co-transfection of transfer vector, envelope vector and packing vectror

293T cells were maintained in complete culture medium in a 37°C incubator with 5%
CO2. Twenty-four hours before transfection, 4 x 10° exponentially growing 293T
cells were plated in 100-mm tissue culture dishes. Cell density should be
approximately 80% confluent for transfection. 1 ml of calcium phosphate-DNA
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suspension was prepared for each 100-mm plate of cells as follows:

Two sterile tubes were set up for transfection of one plate. The tubes were labeled 1
and 2. 0.5 ml of 2x HBS was added to Tube 1. TE 79/10 was added to Tube 2. The
volume of TE 79/10 was 440pul minus the volume of the DNA solution. 20 pg transfer
vector of pWPXL-CXCR4, 15pg packaging plasmid of psPAX2 and 6épg envelope
plasmid of pMD2.G were added to Tube 2 and mix. 60 ul of 2 M CaCl2 solution was
added to Tube 2 and was mixed gently. The contents from Tube 2 were transferred to
Tube 1 dropwise with gentle mixing. The suspension was allowed to sit for 30
minutes at room temperature. Precipitate was mixed well by pipetting or vortexing. 1
ml of the suspension was added to a 100-mm plate containing cells. The suspension
was added slowly, dropwise while gently swirling the medium in the plate.The plates
was retumn to the 37°C incubator and left for 4 hours. The old medium was replaced
with 6 ml of fresh culture medium. 60 pl of 0.6 M sodium butyrate was added. The
cells were return to the incubator, After 48 hours of culture, the supernatant was
collected and freezed at -80°C or proceeded to the concentration step(Li and Rossi,

2007)( hitp://www.tronolab.com/).

2.2.7.3. Concentration of the recombinant virus

The supernatant (freshly collected or thawed from the freezer) was centrifuged at
900g for 10 minutes to remove any cell debris in the supernatant. The supernatant was
filtered through a 0.2pm syringe filter. The supernatant was transferred to autoclaved
polyallomer tubes. The supematant was concentrated by ultracentrifugation for 1.5
hours at 4°C in a Beckman SW 28 swinging bucket rotor at 24,500 rpm. The
supernatant was removed and the pellet was resuspended in an appropriate amount of
culture medium, e.g., 300 ul for 30 ml of original supernatant if a 100-fold
concentration is desired. The concentrated vector was divided into 10-50ul aliquots

and stored at -80°C until use(Li and Rossi, 2007) ( http://www .tronolab.com/).

2.2.7.4, Titration of the Virus
5 x 10° 293T cells pre well were seeded in a 12-well plate in complete medium and
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cultured overnight in a 37°C incubator with 5% CO2. Serial diluted vector stock was
and 4 ul/ml polybrene were added to the cultured cells. The cells were continuously
cultured for 48 hours. The cells were trypsinized. Following centrifugation, the
supernatant was removed and the pellet was resuspended in 300 pul of 3.7%
formaldehyde in PBS. The percentage of EGFP-positive cells was determined by
FACS analysis. The titer would be represented as transduction units (TUs) per
milliliter concentrated vector (TU/ml)(Li and Rossi, 2007)
( http://www.tronolab.com/).

2.2.7.5 Transduction of Lentiviral Vectors to Target Cells

2 x 10° cells was seeded into one well in 1 ml of culture medium into a 24-well plate.
Various amounts of concentrated vector stock were added depending on cell type. For
the 293T cells and Hela cells, a multiplicity of infection (moi) of 10 can achieve
virtually 80% transduction. 4pg/ml polybrene was added. The cells were returned to a
37°C incubator. After overnight incubation, the cells were centrifuged. The
supernatant was discarded and the cells were resuspended with fresh culture medium.
The cells were return to culture hood. Transduction efficiency was determined by
FACS analysis 48 hours after transduction(Li and Rossi, 2007)
( http://www.tronolab.com/).

2.2.7.6 Fluorescence microscopy analysis of transducted 293T cells

The cells that seed on the flamed glass plate in the 6 well-plate were washed with 1ml
PBS to remove the death cell after 24 hours post-seeding. The glass plate was
mounted on the stage adaptor (Model: SA-20L/Z) with growing medium. Fluorescent
imaging was carried out to monitor GFP expression. Images were collected using

Leica SP5 confocal microscope.

2.2.7.7 Expressed CXCR4-GFP biological activity assay
Hela cells were cultured in 100 mm? culture plate with Dulbecco's Modified Eagle
Medium with 25mM HEPES and 10% Fetal bovine serum (FBS) (Invitrogen Cat #
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10099-141), 1% of streptomycin—penicillin (Invitrogen Cat# 15140-122) was
supplemented. Seed exponentially growing cells at 10° cells per well in 1 ml of
culture medium into 35 mm? glass-bottom cell culture plate 24 hours. After 24 hours,
infect the cells according to the protocol mentioned in before. Three days after
infection, remove the culture medium, add SDF-1a at a final concentration of 10nM.
Fluorescent imaging was carried out to monitor CXCR4-GFP expression and
internalization in one hour. Images were collected using Leica SP5 confocal

microscope.

2.2.8 Stable cell line

2.2.8.1 Establishment of stable cell line

Exponentially growing 293T cells were seeded at 2 x 10° cells per well in 1 ml of
culture medium into a 24-well plate. Concentrated vector stock was added with a
multiplicity of infection (moi} of 10 for transduction. Polybrene was added at a final
concentration of 4pg/ml. The cells were returned to a 37°C incubator. After overnight
incubation, the cells were trypsined and centrifuged. The supernatant was discarded,
and the cells were resuspended with fresh culture medium. The cells were returned to
incubator. Transduction efficiency was determined by FACS analysis 48 hours after

transduction,

Several days after transduction, cells were transferred for enlarged culture. Plate cells
in 24 well plate at a concentration of 2 x 10° cells per well. After 24 hours, the plated
cells were analyzed for CXCR4-GFP expression with fluorescence microscopy. The
cells with strong green fluorescence expression were marked for further action. The
marked cells were picked by clone ring for culture, After 3 rounds single clone culture,
a stable cell line with highly expression of CXCR4 was established. The established
cell line was continuously cultured for six months. No reduction in CXCR4

expression was observed.
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2.2.8.2 Fluorescence microscopy analysis of stable cell line

The stable cells were seeded on flamed glass in 6 well culture plate. The cells were
washed with 1ml PBS to remove the death cell after 24 hours post-seeding. The glass
plate was mounted on the stage adaptor (Model: SA-20L/Z) with growing medium.
Fluorescent imaging was carried out to monitor GFP expression. Images were

collected using Leica SP5 confocal microscope.

2.2.8.3 FACS analysis of stable cell line

Cells were harvested from one 10 cm plate when grow reaches 70% confluency. Cells
were washed with Sml PBS. Then cells were digested with (.25% trypsin for 10
minutes. Cells were resuspended in 500ul PBS after centrifuged at 1000rpm/min for
I0minutes. 5 ml of cold 70% ETOH (keep at —20°C) was added immediately into the
cells. Cells were mixed thoroughly. Cells were kept at 4°C for 2 hours for fixing.
Cells were spun down, and washed with PBS two to three hours prior to FACS
analysis. Without adding more PBS, cells were spun again for 2 min so that the
residual PBS can be taken off, Cells were resuspended with 500u] PBS. Cells are
transferred to FACS tubes and have them analyzed.

2.2.9 CXCR4 antagonist screening

293T stable cell line expressing CXCR4-GFP was cultured in 100 mm? culture plate
with Dulbecco’s Modified Eagle Medium with 25mM HEPES and 10% Fetal bovine
serum (FBS), 1% of streptomycin—penicillin was supplemented. Exponentially
growing cells were seeded into 96 well cell culture plate at 10° cells/well 24 hours
before testing. After 24 hours, the culture medium was removed. Drug containing
mediums at different concentrations were added to the culture and incubated for 15
minutes. SDF-1u was added at a final concentration of 10nM. Fluorescent imaging
was carried out to monitor CXCR4-GFP expression and internalization in one hour.
Images were collected using Leica DMI6000B fluorescence microscope. AMD3100
was used for positive control.
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2.2.10 Molecular modeling

These compounds interrupted CXCR4 internalization. The mechanism is not clear up
to now. it is hypothesized that these compounds inhibited CXCR4 internalization in
the similar matter with small molecule CXCR4 antagonist-IT1t. CXCR4 crystal
structure was downloaded from Protein Data Bank (PDB ID 30DU), The structure
was prepared by AutodockTools 1.5.4. for docking, including remove waters, remove
additional molecules etc. The KX128, KX166, KX171 and KX18(0 were prepared by
Chemdraw according to the structural information. ITIt and AMD3100 were
downloaded from Protein Data Band and PubChem database. Gridbox was prepared
according to the ligand binding information in crystal structure of CXCR4, Molecular
docking was run by Autodock Vina according to the manual. Docking results were

analyzed by Pymol and Ligplot.

2.2.11 HIV-1 inhibiting activities and cytotoxicity of compounds

2.2.11.1 C8166 cell culture and passage
Human T cell line C8166 was maintained in RPMI-1640 supplemented with 10%

heat-inactivated newborn calf serum (Invitrogen). Evrey 3 days, the culture
suspension was transferred into a snap-cap and centrifuged at 1800 rpm for 4 minutes
at room temperature. The cell pellet was resuspended in 1 ml RPMI1640. After
counting the cells, cells were seeded at a density of 2 x 106 cells into a new culture
plate with 10 ml medium. The cells were incubated in a 5 % CO2 incubator at 37 °C.

The cells used in all experiments were in log-phase growth.

2.2.11.2 HIV-1 infection titer

The laboratory-derived viruses HIV-11IIB was obtained from MRC, AIDS Reagent
Project, UK. Virus stocks were stored in aliguots at -70 °C. Virus stocks were diluted
in 4 folds for 10 gradients in 96 well plate. For every gradient, 6 wells were seeded
cells for repeat.  50u! (4x10°/ ml) of C8166 cells were seeded into every well in a
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final volume of 200 ul and incubated in 37°C with 5% CO; In two days, add 100ul
new full culture medium to every well. Cytopathic effect (CPE) caused by virus was
measured by observing the syncytium in every well. The 50% HIV-1 tissue culture
infectious dose (TCID50) was determined and calculated by the Reed and Muench
method(Stanic, 1963).

2.2.11.3 Syncytia assay

In the presence of 100ul various concentrations of compounds, C8166 cells (4x105/

ml) were infected with virus (HIV-111IB) at a multiplicity of infection (M.Q.I) of 0.06.

The final volume per well was 200 pl. Control assays were performed without the
testing compounds in HIV-11IIB infected and uninfected cultures. AZT was included
as positive control. After 3 days of culture, the cytopathic effect (CPE) was measured
by counting the number of syncytia. Percentage inhibition of syncytia formation was

calculated and 50% effective concentration (EC50) was calculated(Wang et al., 2004).

2.2.11.4 P24 production inhibition in acute infection

Human T cell line C8166 and HIV-1iys were supplied by British Medical Research
Council, AIDS Reagent Project. 5,000 TCID50 HIV-1mg virus was used for inoculum
for each well culturing C8166 cells for 6 hours, remove virus. Compound solutions
were added to culture at 0.5 uM to 20 pM., Cells lysis was collected for ELISA assay
after 3 days culture. For ELISA, anti-Fc antibody was embedded by 1ug/well at 4 °C

for over night. Wells were blocked with 5% defatted milk powder for 2 hours at 37 °C.

100ul mouse anti-P24 monoclonal antibody was added to each well and incubated for
lhour at 37 °C. 100 pl Cells lysis were added to each well and incubated for 2 hour at
37°C. 100! rabbit anti-P24 polyclonal antibody was added to each well and incubated
for 1hour at 37 °C. 100pl rabbit anti-P24 polyclonal antibedy was added to each well
and incubated for lhour at 37 °C. 100ul HRP-conjugated goat anti rabbit IgG was
added to each well and incubated for lhour at 37 °C, OPD was used as substrate. 2M
sulfuric acid was added in 10 minutes. The OD was read with EIx800ELISA at
490nm (reference wavelength was 630nm).
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2.2.11.5 MTT-based cytotoxicity assay

Cellular toxicity of compounds was assessed by MTT method as described previously.
Briefly, cells were seeded on a microtiter plate in the absence or presence of various
concentrations of compounds in triplicate and incubated at 37 °C in a humid
atmosphere of 5% CO2 for 3 days. Twenty microliters of MTT reagent (5 mg/ml in
PBS) was added to each well, then incubated at 37 °C for 4 h, 100 pl of 50%
DMF-20% SDS was added. After the formazan was dissolved completely, the plates
were read on a Bio-Tek ELx 800 ELISA reader at 595 nm/630 nm (A595/630). The
cytotoxic concentration that caused the reduction of viable cells by 50% (CC50) was

calculated from dose-response curve.
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Chapter 3
Characterization of HIV-1 integrase
nuclear translocation for development of
new class of anti- AIDS drugs
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3.1 Introduction

Translocation of viral integrase (IN) into nucleus is a critical precondition of
integration during the life cycle of HIV, a causative agent of Acquired
Immunodeficiency Syndromes (AIDS)(Bukrinsky and Haffar, 1997). As the first
discovered cellular factor to interact with IN, Lens epitheltum-derived growth factor
(LEDGF/p75) plays an important role in the process of integration(Cherepanov et al.,
2004; Cherepanov et al., 2003). Disruption of the LEDGF/p75-IN interaction has
provided a special interest for anti-HIV agent discovery(Du et al., 2008). In this work,
we reported that a group of small molecular compounds, DW-IN4, DW-IN3, DW-IN6,
DW-IN9, DW-IN15, DW-IN16, DW-IN17, DW-IN21 and natural product DW-IN719
could potently inhibit the IN-LEDGF/p75 interaction and affect the HIV-1 IN nuclear
distribution at 1uM. Also, 6 compounds (KM7, KM8, KM30, KM37, KM14, KM79)
out of more than 150 compounds from Kunming showed integrase nuclear
translocation inhibiton in cell based screening platform. These compounds were
further tested for HIV-1 inhibition with live virus. These compounds suppressed viral
replication by measuring HIV-1 P24 antigen production and syncytia formation
inhibition in HIV-111IB acute infected C8166 cells. These results might supply useful

structural information for further anti-HIV agent discovery.

3.2 Results

3.2.1 Expression of EGFP-C-HIV-IN is localized in nucleus of the Hela cells

To construct integrase inhibitor screening platform, integrase gene from HIV-1 was
cloned into pEGEFP-CI, then EGFP tagged integrase gene was subcloned into
pTRE2hyg. Integrase gene was confirmed by DNA sequencing. pTREZhyg-EGFP-IN
was Transiently transfected into tet off ready Hela cell line. Transfection of
pTRE2hyg-EGFP was as control. Confocal microscopy imaging showed that
EGFP-C-HIV-1-IN was mainly localized in nucleus while EGFP alone was localized

equally in the cell (Figure 3.1).
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Figure 3.1 Expression of EGFP-C-HIV-IN is localized in cellular nucleus

Tet off Advanced Hela cells were transiently transfected with pTRE2hyg-EGFP-IN.
Note the green fluorescence is highly localized in the nuclei of the cells. The
pTRE2hyg-EGFP was used as control. EGFP was expressed in the whole cell with
equal distribution.
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3.2.2 Screening results of molecular docking

The crystallographic structure of HIV-integrase (2B4J) was selected from PDB. The
structures were prepared by the structure editing tools PyMol and AutoDockTools.
Activity binding sites were based on the 3D structural model generated in the base of
the crystal structure of IN CCD in complex with IBD (PDB entry code 2B4]). For,
molecular docking, a total of 23 compounds from SPECS bank with highest binding
affinity to integrase resulted from virtual drug screening by Autodock 4.2 were
selected for further investigation with our cell based screening platform. All these
compounds possess low toxicity and suitable logP (Table 3.1). Also, seventy
thousands ligands from natural product data bank ZINC were screened for integrase
binding. According to the results, natural products with highest binding affinity to

integrase were purchased from ChemBridge for further screening in vitro.

3.2.3 Eight compounds from SPECS inhibited HIV-1 integrase nuclear
translocation

Using the platform we constructed, 23 compounds from SPECS with high binding
affinity to HIV-1 integrase and low toxicity were screened tested on cell based
platform. pTRE2hyg-EGFP-IN and pTRE2hyg-EGFP were transfected into HelLa
Tet-Off Advanced Cells respectively as we mentioned above. Transfection result was
analyzed with IN cell analyzer 1000 (GE Healthcare Life Sciences). Confocal
imaging showed that eight compounds (DW-IN4, DW-IN5, DW-IN6, DW-IN9,
DW-IN15, DW-IN16, DW-IN17, DW-IN21) were found to block integrase nuclear
translocation at 1uM (Figure 3.2).Without compound, EGFP-IN was mainly localized
in nucleus (Figure 3.2). Plasmid pTRE2hyg-EGFP was transfected into HeLa Tet-Off
Advanced Cells as control. Expression of EGFP was distributed equally in cells.
Compounds had no interaction with EGFP cellular distribution at 10 uM (Figure
3.2A). To confirm the result, eight compounds were tested for nuclear translocation

inhibition at 1pM, 2uM, 4uM, 8uM. For each concentration, 100 cells were counted



Compound Number Binding Affinity LogP

DW-IN1 -14.23 10.3
DW-IN2 -13.7 12.9
DW-IN3 -13.6 12.4
DW-IN4 -13.4 12.1
DW-IN5 -13.4 6.37
DW-ING6 -13 10.3
DW-IN7 -13 8.06
DW-INS8 -12.8 9.83
DW-IN9 -12.8 10.5
DW-IN10 -12.6 7.93
DW-IN11 -12.6 7.29
DW-IN12 -12.5 631.7
DW-IN13 -12.5 10.4
DW-IN14 -12.4 8.27
DW-IN15 -12.3 12.8
DW-IN16 -12.2 8.51
DW-IN17 -12.2 9.14
DW-IN18 -12.1 9.63
DW-IN19 -12.1 7.81
DW-IN20 -12.1 9.28
DW-IN21 -12 9.11
DW-IN22 -12.9 3.72
DW-IN23 -12.8 181

Table 3.1 Screening results of molecular docking

For molecular docking, thirty thousand ligands were selected from SPECS bank. A
total of 23 compounds with highest binding affinity to integrase resulted from virtual
drug screening by Autodock 4.2 were selected for further investigation with our cell
based screening platform. All these compounds possess low toxicity and suitable logP
The logarithm of the ratio of the concentrations of the un-ionized solute in the
solvents is called log P; the log P values is also known as a measure of
lipophilicity(http://en.wikipedia.org/wiki/Partition_coefficient). Compound with
higher logP is more hydrophobic.
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for statistical analysis. Result showed that these compounds inhibited integrase
nuclear translocation at a dose dependent manner (Table 3.2). Also, another fifteen
compounds from SPECS failed to inhibit integrase nuclear translocation at 25uM
(DW-IN1, DW-IN2, DW-IN3, DW-IN7, DW-IN8, DW-IN10, DW-IN11, DW-IN12,
DW-IN13, DW-IN14, DW-IN18, DW-IN19, DW-IN20 DW-IN22, DW-IN23)
(Figure 3.2B).

The interaction between these compounds with IN CCD was analyzed with molecular
docking. D77 was used as control compound in molecular docking analysis(Du et al.,
2008). D77 was docked into the hydrophobic pocket formed by surrounding residues
of IN CCD (Figure 3.3 A). 020 of D77 formed a H-bond with OG1 of Thr125(B)
with a distance of 2.90 A. 035 of D77 formed two H-bonds with NH1 and C of
Argl66(A) with distance of 2.93 A and 3.10 A respectively. Besides, D77 formed
hydrophobic contacts with Alal129 (B), Leul02 (B), Met178 (A), Glul70 (A) and
Aspl67 (A) respectively (Figure 3.3 B).

DW-IN4 was docked into the hydrophobic pocket formed by surrounding residues of
IN CCD (Figure 3.4 A). DW-IN4 formed hydrophobic contacts with Thr124 (B),
Thr125 (B), Alal28 (B), Trp132 (B), Trpl31 (B), Thr174 (A) and GInl68 (A)
respectively (Figure 3.4 B).

DW-INS was docked into the hydrophobic pocket formed by surrounding residues of
IN CCD. The hydrophobic pocket was formed by residues GIn168, Ala169, Glu 170,
His171, Thr174 and Met178 in chain A and Trpl32, Trp 131, Alal28, Alal29,
Thr125, Leul02, Ala98 and GIn95 in Chain B (Figure 3.5).

DW-IN6 was docked into the hydrophobic pocket formed by surrounding residues of
IN CCD (Figure 3.6 A). N31 of DW-IN6 formed a H-bond with N of Gln170 (A) with
a distance of 3.51 A. Besides, DW-IN6 formed hydrophobic contacts with GIn168 (A),
His171 (A), Alal69 (A), Thr174 (A), GIn95 (B), Alal28 (B) and Trpl31 (B)
respectively (Figure 3.6 B).

DW-IN9 was docked into the hydrophobic pocket formed by surrounding residues of
IN CCD (Figure 3.7 A). DW-IN9 formed hydrophobic contacts with Trp131 (B),
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1pM 2pM 4pM LY |
DW-IN4 52.43 53.41 60.98 65.63
DW-IN5 47.83 54.39 64.52 68.29
DW-IN6 56.36 59.21 59.26 67.24
DW-IN9 49.35 58.24 58.97 58.97
DW-IN15 45.45 47.06 65.38 68.62
DW-IN16 48.17 57.64 58.81 64.72
DW-IN17 49.25 58.11 56.82 67.86
DW-IN21 53.33 64 48.65 70.21
DMSO 25 34 19.74 19.69

Table 3.2 DW-IN4, DW-INS, DW-IN6, DW-IN9, DW-IN15, DW-IN16, DW-IN17,
DW-IN21 inhibited HIV-1 integrase nuclear translocation in dose-dependent

manner.

Eight compounds were tested for nuclear translocation inhibition at 1uM, 2uM, 4uM,
8uM. For each concentration, 100 cells were counted for statistical analysis. Result
showed that these compounds inhibited integrase nuclear translocation at a dose
dependent manner. The data is presented as % cells with nuclear translocation

inhibition.
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Figure 3.3 Interaction between D77 and IN CCD

A) The D77 was shown as sticks. The secondary structure of IN CCD was shown as
cartoon. The H-bond was shown as red with distance label. D77 was docked into the
hydrophobic pocket formed by surrounding residues of IN CCD.

B) 020 of D77 formed a H-bond with OG1 of Thr125(B) with a distance of 2.90 A.
035 of D77 formed two H-bonds with NH1 and C of Arg166(A) with distance of 2.93
A and 3.10 A respectively. Besides, D77 formed hydrophobic contacts with Alal29
(B), Leul02 (B), Metl178 (A), Glul70 (A) and Aspl167 (A) respectively.

62



A B The 124(B)
- %m‘(\ r 125(B)
K L = . "o L8
A e s »
1 A oo g™ Ia 128(B) r 174(A)
. " 041

{39

(&)
tp 132(B)

%T::B]

1

16

%l 6B(A)

1

Key
@===@ Ligand bond Hin 53 Non-ligand residues involved m hydrophobic
@@ Non-ligand bond P& contaci(s)
@- @ Hydrogen bond and its length @ Comesponding atoms involved in hydrophobic contact(s)

Figure 3.4 Interaction between DW-IN4 and IN CCD

A) The DW-IN4 was shown as sticks. The secondary structure of IN CCD was shown
as cartoon. DW-IN4 was docked into the hydrophobic pocket formed by surrounding
residues of IN CCD.

B) DW-IN4 formed hydrophobic contacts with Thr124 (B), Thr123 (B), Ala128 (B),
Trpl32 (B), Trpl131 (B), Thr174 (A) and GIn168 (A) respectively.

63



Figure 3.5 Interaction between DW-INS and IN CCD

A) The DW-IN5 was shown as sticks. The secondary structure of IN CCD was shown
as cartoon. DW-IN5 was docked into the hydrophobic pocket formed by surrounding
residues of IN CCD. The hydrophobic pocket was formed by residues GInl68,
Alal69, Glu 170, His171, Thr174 and Metl78 in chain A and Trp132, Trp 131,
Alal28, Ala129, Thr125, Leul02, Ala98 and GIn95 in Chain B.
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Figure 3.6 Interaction between DW-IN6 and IN CCD

A) The DW-IN6 was shown as sticks. The secondary structure of IN CCD was shown
as cartoon. DW-IN6 was docked into the hydrophobic pocket formed by surrounding
residues of IN CCD.

B) N31 of DW-IN6 formed a H-bond with N of GIn170 (A) with a distance of 3.51 A.
Besides, DW-IN6 formed hydrophobic contacts with GIn168 (A), His171 (A), Alal69
(A), Thr174 (A), GIn95 (B), Alal28 (B) and Trpl31 (B) respectively.
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Figure 3.7 Interaction between DW-IN9 and IN CCD

A) The DW-IN9 was shown as sticks. The secondary structure of IN CCD was shown
as cartoon. DW-IN9 was docked into the hydrophobic pocket formed by surrounding
residues of IN CCD.

B) DW-IN9 formed hydrophobic contacts with Trp131 (B), Alal28 (B), Trp132 (B),
Alal29 (B), Thr125 (B), Leul02 (B) and GIn95 (B) respectively.
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Ala128 (B), Trpl32 (B), Alal29 (B), Thr125 (B), Leul02 (B) and GIn95 (B)
respectively (Figure 3.7 B).

DW-IN15 was docked into the hydrophobic pocket formed by surrounding residues of
IN CCD (Figure 3.8 A). DW-IN15 formed hydrophobic contacts with GIn168 (A),
Glul170 (A), Hisl71 (A), Trpl131 (B), Thr125 (B) and GIn95 (B) respectively (Figure
3.8 B).

DW-IN16 was docked into the hydrophobic pocket formed by surrounding residues of
IN CCD (Figure 3.9 A). DW-IN16 formed hydrophobic contacts with Ginl68 (A),
Thr174 (A), Trp131 (B), Alal28 (B), Thr125 (B) and GIn95 (B) respectively (Figure
3.9 B).

DW-IN17 was docked into the hydrophobic pocket formed by surrounding residues of
IN CCD (Figure 3.10 A). O12 of DW-IN17 formed a H-bond with O of Asp167 (A)
with a distance of 2.75 A. Besides, DW-IN17 formed hydrophobic contacts with
Glul70 (A), His171 (A), Thr174 (A), Leul02 (B), Ala98 (B), Alal28 (B) and Trp131
(B) respectively (Figure 3.10 B).

DW-IN21 was docked into the hydrophobic pocket formed by surrounding residues of
IN CCD (Figure 3.11 A). N16 of DW-IN21 formed a H-bond with O of GIn168 (A)
with a distance of 3.08 A. 026 of DW-IN21 formed H-bond with OE1 GIn95 (B) with
distance of 2.51 A. Besides, DW-IN21 formed hydrophobic contacts with Thr174 (A),
Thr125 (B), Alal28 (B), Trp131 (B) respectively (Figure 3.11 B).
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Figure 3.8 Interaction between DW-IN15 and IN CCD

A) The DW-IN15 was shown as sticks. The secondary structure of IN CCD was
shown as cartoon. DW-IN15 was docked into the hydrophobic pocket formed by
surrounding residues of IN CCD.

B) DW-IN15 formed hydrophobic contacts with GIn168 (A), Glu170 (A), His171 (A),
Trpl31 (B), Thr125 (B) and GIn95 (B) respectively.
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Figure 3.9 Interaction between DW-IN16 and IN CCD

A) The DW-IN16 was shown as sticks. The secondary structure of IN CCD was
shown as cartoon. DW-IN16 was docked into the hydrophobic pocket formed by
surrounding residues of IN CCD.

B) DW-IN16 formed hydrophobic contacts with GIn168 (A), Thr174 (A), Trp131 (B),
Alal28 (B), Thr125 (B) and GIn95 (B) respectively.
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Figure 3.10 Interaction between DW-IN17 and IN CCD

A) The DW-IN17 was shown as sticks. The secondary structure of IN CCD was
shown as cartoon. The H-bond was shown as red with distance label. DW-IN17 was
docked into the hydrophobic pocket formed by surrounding residues of IN CCD.

B) 012 of DW-IN17 formed a H-bond with O of Asp167 (A) with a distance of 2.75
A. Besides, DW-IN17 formed hydrophobic contacts with Glul70 (A), His171 (A),
Thr174 (A), Leul02 (B), Ala98 (B), Ala128 (B) and Trp131 (B) respectively.
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Figure 3.11 Interaction between DW-IN21 and IN CCD

A) The DW-IN21 was shown as sticks. The secondary structure of IN CCD was
shown as cartoon. The H-bond was shown as red with distance label. DW-IN21 was
docked into the hydrophobic pocket formed by surrounding residues of IN CCD.

B) N16 of DW-IN21 formed a H-bond with O of GIn168 (A) with a distance of 3.08
A. 026 of DW-IN21 formed H-bond with OE1 GIn95 (B) with distance of 2.51 A.
Besides, DW-IN21 formed hydrophobic contacts with Thr174 (A), Thr125 (B),
Alal28 (B), Trp131 (B) respectively.
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3.2.4 Immunofluorescence

To confirm that eight compounds (DW-IN4, DW-IN5, DW-IN6, DW-IN9, DW-IN15,
DW-IN16, DW-IN17, DW-IN21) blocked integrase nuclear translocation and had no
interaction with EGFP, HIV-1 integrase was cloned into pcDNA6/V5-HisA
(Invitrogen). Eight compounds were added at 10 uM 5 hours after transfection of
pcDNA6/V5-HisA-IN into Hela cells. Immunofluorescence imaging showed that
Integrase nuclear translocation was inhibited by these ompounds (Figure 3.12).
Without treatment of DW-IN compounds, integrase was mainly localized in nucleus
(Figure 3.12).

3.2.5 Natural product DW-IN719 inhibited HIV-1 integrase nuclear
translocation

According to the docking resulit, three natural products with high binding affinity to
HIV-1 integrase and low toxicity from ZINC were selected for further test on cell
based screening platform. pTRE2hyg-EGFP-IN was transfected into HeLa Tet-Off
Advanced Cells respectively as we mentioned above. Transfection result was
analyzed with Leica SP5 confocal microscopy. Confocal imaging showed that
DW-IN719 (Binding affinity: -8.2, LogP: 2.62) was found to block integrase nuclear
translocation at 1uM (Figure 3.13).Without compound, EGFP-IN was mainly

localized in nucleus (Figure 3.13).

Docking mode of DW-IN719 with integrase was showed as Figure 2.14. DW-IN719
was docked into the hydrophobic pocket formed by surrounding residues of IN CCD.
Besides the H-bonds to be mentioned in Figure 2.14B, DW-IN719 formed two
additional H-bonds with Thr125 (B) with a distance of 3.08 A and Glul170 (A) with a
distance of 3.09 A (Figure 3.14A). 024 of DW-IN719 formed two H-bonds with OG1
of Thr174 (A) with a distance of 3.05 A and N of His171 (A) with a distance of 2.94
A. 027 of DW-IN719 formed two H-bonds with NE2 and OE1 of GIn95 (B) with
distance of 3.24 A and 2.92 A respectively. Besides, DW-IN719 formed hydrophobic
contacts with GIn168 (A), Alal28 (B), Trp131 (B), Alal29 (B) respectively (Figure
3.14B).
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Figure 3.12 Immunofluorescence showed that DW-IN4, DW-IN5, DW-ING,
DW-IN9, DW-IN15, DW-IN16, DW-IN17 and DW-IN21 inhibited HIV-1

integrase nuclear translocation

HIV-1 integrase was cloned into pcDNA6/V5-HisA. pcDNAG6/V5-HisA-IN was
transfected into Hela cells, eight compounds were added at 10pM 5 hours after
transfection of pcDNA6/V5-HisA-IN into Hela cells. Immunofluorescence imaging
showed that Integrase nuclear translocation was inhibited by these compounds.
Without treatment of DW-IN compounds, integrase was mainly localized in nucleus.
Scale bar 25um.
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Figure 3.13 Natural product DW-IN719 inhibited integrase nuclear translocation

pTRE2hyg-EGFP-IN was transfected into HeLa Tet-Off Advanced Cells.
Transfection result was analyzed with Leica SP5 confocal microscopy. Confocal
imaging showed that DW-IN719 were found to block integrase nuclear translocation
at 1uM.Without compound, EGFP-IN was mainly localized in nucleus Scale bar
50pm.
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Figure 3.14 Interaction between DW-IN719 and IN CCD

A) The DW-IN719 was shown as sticks. The secondary structure of IN CCD was
shown as cartoon. The H-bond was shown as red with distance label. Dw-in719 was
docked into the hydrophobic pocket formed by surrounding residues of IN CCD.
Besides the H-bonds to be mentioned in B), DW-IN719 formed two additional
H-bogds with Thr125 (B) with a distance of 3.08 A and Glu170 (A) with a distance of
3.09A.

B) 024 of DW-IN719 formed two H-bonds with OG1 of Thr174 (A) with a distance
of 3.05 A and N of His171 (A) with a distance of 2.94 A. 027 of DW-IN719 formed
two H-bonds with NE2 and OEl of GIn95 (B) with distance of 3.24 A and 2.92 A
respectively. Besides, DW-IN719 formed hydrophobic contacts with Glnl68 (A),
Alal28 (B), Trpi31 (B), Alal29 (B) respectively.
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3.2.6 DW-ING6 showed significant reduction of cytopathic cffect (CPE)

Eight compounds (DW-IN4, DW-IN3, DW-IN6, DW-IN9, DW-IN15, DW-INI16,
DW-IN17, DW-IN21} blocked integrase nuclear translocation in Fluorescence
imaging experiment. To further examine the compounds’ effect on HIV-1 inhibition,
syncytia assay were conducted to test the reduction on cytopathic effect of these
compounds. Results showed that DW-IN6 significantly reduced the cytopathic effect
caused by HIV-1 infection with an ECsoof 3.47uM (Figure 3.15). DW-INS had an
ECso of 9.37uM while other six compounds had an ECsp that were larger than 10pM.

3.2.7 DW-IN6 and DW-IN719 showed significant inhibition on P24 production in
acute infection

One natural product DW-IN719 and eight compounds (DW-IN4, DW-IN5, DW-INe,
DW-IN9, DW-IN15, DW-IN16, DW-IN17, DW-IN21) blocked integrase nuclear
translocation in Fluorescence imaging experiment. To further assay the compounds’
effect on HIV-1 replication, P24 production reduction in acute infection assay were
conducted. Results showed that DW-IN6 and DW-IN719 showed significant
inhibition on P24 production in acute infection of HIV-1i5g with ECsp of 4,96uM and
4.33uM (Figure 2.16) respectively. Other seven compounds had no significant effect
on P24 production inhibition in HIV-1yp acute infection (Figure 3.16).

3.2.8 MTT-based cytotoxicity assay

Cellular toxicity of natural product DW-IN719 and eight compounds (DW-IN4,
DW-IN5, DW-IN6, DW-IN9, DW-IN15, DW-IN16, DW-IN17, DW-IN21) were
assessed by MTT method. Results showed that most compounds had CCsg of around
or more than 10uM (Figure 3.17).
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Figure 3.15 DW-IN6 showed inhibition on cytopathic effect in C8166 cells
infected by HIV-1y3p

Compounds were added to cell culture with infection at a 5-fold serial dilution from
the beginning of 10uM. AZT was used as positive control. Results demonstrated that
DW-IN6 had significant effect on cytopathic effect reduction in C8166 cells infected
by HIV-11IIB with EC50 of 3.47uM. DW-INS5 had an ECsq of 9.37uM while other six
compounds had an ECsythat were bigger than 10uM. EC50 of AZT was 1.65ng/ml.
Data are shown as one test of three repeats.
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Figure 3.16 DW-IN4, DW-IN5, DW-IN6, DW-IN9, DW-IN15, DW-IN16,
DW-IN17, DW-IN21 and DW-IN719 showed P24 production inhibition in acute
infection

Compounds were added to cell culture with infection at a 2-fold serial dilution from
the beginning of 10uM. Results showed that DW-IN719 and DW-IN6 dramatically
reduced P24 production in HIV-1js acute infected C8166 cells with ECso value of
4.33uM and 4.96uM respectively. EC50 of AZT was 1.47ng/ml. Other compounds
had EC50 of 17.09pM (DW-IN4), 11.60pM (DW-INS5), 15.53uM (DW-IN9),
11.75uM  (DW-IN15), 16.40upM (DW-IN16), 13.46uM (DW-IN17), 15.81uM
(DW-IN21) as shown in the figure. Data are shown as one test of three repeats.
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Figure 3.17 MTT-based cytotoxicity assay of DW-IN4, DW-IN3, DW-ING,
DW-IN9, DW-IN15, DW-IN16, DW-IN17, DW-IN21 and DW-IN719

Cellular toxicity of natural product DW-IN719 and eight compounds (DW-IN4,
DW-IN5, DW-IN6, DW-IN9, DW-IN15, DW-IN16, DW-IN17, DW-IN21) were
assessed by MTT method. Results showed that DW-IN4, DW-INS5, DW-ING,
DW-IN9, DW-IN15, DW-IN16, DW-IN17, DW-IN21 and DW-IN719 had CCs of
16.36pM, 6.35uM, 14.11uM, 16.51pM, 14.51uM, 16.80puM, 14.95uM, 13.80uM and
3.33uM to human T cell line C8166 cells respectively. CCsp of AZT was
1010.35pg/ml. Data are shown as one test of three repeats.
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3.2.9 EGFP-intcgrasc was localized into Hela/293T cellular nucleus expressed by
pEGFP-C1-IN

Transfection of pEGFP-C1-IN into Hela cells, EGFP-integrase was expressed mainly
in the cellular nucleus (Figure 3.18). While in the control cells transfected with
pEGFP-C1, EGFP was expressed and distributed equally in the cells (Figure 3.18). In
transfected 293T cells, we got similar result (Figure 3.19). These results were
consistent with the former IN expression result with pTRE2hyg-EGFP-IN in Tet off
advanced Hela cells. This confirmed that our cell based integrase inhibitors screening

platform was stable.

3.2.10 Six compounds from Kunming inhibited integrase nuclear translocation

Since EGFP-IN expressed well in both Hela cells and 293T cells, we repeated the
transfection for more than three times. Compared the expression conditions, 293T
cells were finally chosen for integrase inhibitors screening. After several rounds of
screening as we described above, 6 (KM7, KM8, KM 14, KM30, KM37, KM79) out
of 150 compounds showed integrase inhibitive activity in cell based screening
experiments (Figure 3.20). All other compounds showed negative results. Two

negative results were presented as negative control (Figurc 3.20).

3.2.11 Structures of KM7, KM8, KM14, KM79

Six compounds from Kunming showed integrase inhibition characters in cell based
screening, The structures of KM7, KM8, KM14 and KM79 were summarized as
Figure 3.21.
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Figure 3.18 Expression of EGFP-C-IN is localized in nucleus of Hela cells
Hela cell line was transfected with pEGFP-C1-IN. EGFP-integrase was expressed

mainly in the cellular nucleus. While in the control cells transfected with pEGFP,
EGFP was expressed and distributed equally in the cells.
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Figure 3.19 Expression of EGFP-C-IN is localized in nucleus of 293T cells
293T cell line was transfected with pEGFP-C1-IN. EGFP-integrase was expressed

mainly in the cellular nucleus. While in the control cells transfected with pEGFP-C1,
EGFP was expressed and distributed equally in the cells.
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Figure 3.20 KM7, KMS8, KM14, KM30, KM37 and KM79 from Kunming
inhibited integrase nuclear translocation

293T «cell line was transfected with pEGFP-CI-IN. Without inhibitors,
EGFP-integrase was expressed mainly in the cellular nucleus. Six compounds (KM7,
KM8, KM14, KM30, KM37, KM79) from Kunming showed inhibitive activity of
integrase nuclear translocation at 200ug/ml. Another two compounds (KM358, KM59)
that showed negative effect were presented here as negative conirol.
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Figure 3.21 Structures of KM7, KM8, KM14, KM79
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3.2.12 Molecular Docking

KM7, KM8, KM14, KM30, KM37 inhibited HIV-1 integrase nuclear translocation in
cell based assay. The inhibiting mechanism was evaluated by molecular docking.
Crystal structure model 2B4J was applied in the molecular docking. Ligand structures
were prepared by Chemdraw. Subsequent modifications were done as former
procedures. Molecular docking results showed that that these four compounds had

good interaction with IN CCD.

KM?7 was docked into the hydrophobic pocket formed by surrounding residues of IN
CCD (Figure 3.22 A). KM7 formed two H-bonds with GIn95 (B) with distance of
2.86 A and 3.15 A respectively. KM7 formed H-bond with Thr174 (A) with distance
of 2.70 A. KM7 formed hydrophobic contacts with Glul70 (A), Thr174 (A), Gin168
(A), GIn95 (B), Leul02 (B), Trp132 (B), Trpl31 (B) and Alal28 (B) respectively
(Figure 3.22 B).

KMS8 was docked into the hydrophobic pocket formed by surrounding residues of IN
CCD (Figure 3.23 A). KM8 formed H-bond with Thr174 (A) with distance of 2.86 A
KMS8 formed a H-bond with GIn95 (B) with a distance of 2.84 A. KM8 formed
hydrophobic contacts with Glul70 (A), Thr174 (A), Gin168 (A), Leul02 (B), Alal28
(B), Trpl131 (B) and Trp132 (B) respectively (Figure 3.23 B).

KM14 was docked into the hydrophobic pocket formed by surrounding residues of IN
CCD. KM14 formed H-bond with Thr174 (A) with distance of 2.7 A KM14 formed a
H-bond with GIn95 (B) with a distance of 2.8 A (Figure 3.24 A).

KM14 formed hydrophobic contacts with GInl68 (A), Alal69 (A), Glul70 (A),
Thr174 (A), Trp131 (B), Trp132 (B), Alal28 (B) and Leul02 (B) respectively (Figure
3.24 B).
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Table 3.3 Ranking of KM7, KMS§, KM14, KM79, D77

IN CCD dimer crystal structure was selected from PDB (PDB ID: 2B4J). The docking
was run by Autodock VINA. The grid centre was set at the active-site position
(-14.685, 4.189, -7.387). A gridbox of 40x40x40 was used for docking. Other
parameters were set as default. The logarithm of the ratio of the concentrations of the
un-ionized solute in the solvents is called log P; the log P values is also known as a
measure of lipophilicity(http://en.wikipedia.org/wiki/Partition_coefficient).
Compound with higher logP is more hydrophobic.

Compound Affinity (kcal/mol) LogP
KM7 -7.8 4.5
KM79 -7.1 4.06
KMS8 -7.1 4.77
KM14 -6.9 5.41
D77 -6.8 4.85
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Figure 3.22 Interaction between KM?7 and IN CCD

A) The KM7 was shown as sticks. The secondary structure of IN CCD was shown as
cartoon. The H-bond was shown as red with distance label. KM7 was docked into the
hydrophobic pocket formed by surrounding residues of IN CCD. KM7 formed two
H-bonds with GIn95 (B) with distance of 2.86 A and 3.15 A respectively. KM7
formed H-bond with Thr174 (A) with distance of 2.70 A

B). KM7 formed hydrophobic contacts with Giul70 (A), Thr174 (A), GInl68 (A),
GIn95 (B), Leul02 (B), Trp132 (B), Trp131 (B) and Alal28 (B) respectively.
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Figure 3.23 Interaction between KM8 and IN CCD

A) The KM8 was shown as sticks. The secondary structure of IN CCD was shown as
cartoon. The H-bond was shown as red with distance label. KM8 was docked into the
hydrophobic pocket formed by surrounding residues of IN CCD. KM8 formed
H-bond with Thr174 (A) with distance of 2.86 A KM8 formed a H-bond with GIn95
(B) with a distance of 2.84 A.

B) KM8 formed hydrophobic contacts with Glul70 (A), Thr174 (A), GInlé68 (A),
Leul02 (B), Alal128 (B), Trp131 (B) and Trp132 (B) respectively.
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Figure 3.24 Interaction between KM14 and IN CCD

A) The KM 14 was shown as sticks. The secondary structure of IN CCD was shown as
cartoon. The H-bond was shown as red with distance label. KM14 was docked into
the hydrophobic pocket formed by surrounding residues of IN CCD. KM14 formed
H-bond with Thrl174 (A) with distance of 2.7 A KM14 formed a H-bond with GIn95
(B) with a distance of 2.8 A.

B) KM14 formed hydrophobic contacts with GIn168 (A), Ala169 (A), Glul70 (A),
Thr174 (A), Trp131 (B), Trp132 (B), Ala128 (B) and Leul02 (B) respectively.
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KM79 was docked into the hydrophobic pocket formed by surrounding residues of IN
CCD (Figure 3.25 A). O2 of KM79 formed a H-bond with N of Glul70 (A) with a
distance of 2.90 A. 030 of KM79 formed two H-bonds with N of Glul70 (A) with a
distance of 3.04 A and N of His171 (A) with a distance of 3.19 A respectively. From
A), an additional H-bond was found to fromed between KM79 and Thrl74 (A).
Besides, KM79 formed hydrophobic contacts with Met178 (A), Thr174 (A), Alal69
(A), Thr125 (B), Alal28 (B), Alal29 (B), Trpl132 (B) and Leul02 (B) respectively
(Figure 3.25 B).

3.2.13 KM7, KM8, KM14 showed inhibition on cytopathic effect in C8166 cells
infected by HIV-1p

To further approach the inhibition activity of KM7, KM8, KM14 and KM79 on
HIV-1 replication, syncytia assay was conducted with C8166 cells infected with virus
(HIV-1I1IB) at a multiplicity of infection (M.O.I) of 0.06. The protocol was as
mentioned in chapter 2. Compounds were added to cell culture with infection at a
10-fold serial dilution from the beginning of 10pg/ml. AZT was used as positive
control. Results demonstrated that KM7, KM8, KM14 had significant effect on
cytopathic effect reduction in C8166 cells infected by HIV-1IIIB with EC50 of
4.93uM (3.94pg/ml), 3.99uM (1.61pg/ml) and 14.33uM (5.99pg/ml). KM79 had an
ECso of 96.51pM (37.97ug/ml). EC50 of AZT was 15.34nM (4.10ng/ml)(Figure
3.26).

3.2.14 KM7, KM8, KM14 showed P24 production inhibition in acute infection

To further approach the inhibition activity of KM7, KM8, KM14 and KM79 on
HIV-1 replication, P24 assay was conducted with C8166 cells infected with virus
(HIV-111IB). The protocol was as mentioned in chapter 2, Compounds were added to
cell culture with infection at a 10-fold serial dilution from the beginning of 100Mg/ml.
Results showed that KM7, KM8 and KM14 dramatically reduced P24 production in
HIV-1ys acute infected C8166 cells with ECsp value of 20.54uM 1(8.32pug/m),
4.88uM (1.97ug/ml) and 12.99pM (5.43pug/ml). EC50 of KM79 was 208.43uM
(82.01pg/ml). ECS50 of AZT was 7.07nM (1.89ng/ml) (Figure 3.27).
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Figure 3.25 Interaction between KM79 and IN CCD

A) The KM79 was shown as sticks. The secondary structure of IN CCD was shown as
cartoon. The H-bond was shown as red with distance label. KM79 was docked into
the hydrophobic pocket formed by surrounding residues of IN CCD.

B) 02 of KM79 formed a H-bond with N of Glu170 (A) with a distance of 2.90 A.
030 of KM79 formed two H-bonds with N of Glu170 (A) with a distance of 3.04 A
and N of His171 (A) with a distance of 3.19 A respectively. From A), an additional
H-bond was found to fromed between KM79 and Thr174 (A). Besides, KM79 formed
hydrophobic contacts with Met178 (A), Thr174 (A), Alal69 (A), Thr125 (B), Alal28
(B), Alal29 (B), Trp132 (B) and Leul02 (B) respectively.
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Figure 3.26 KM7, KM8, KM 14 showed inhibition on cytopathic effect in C8166
cells infected by HIV-1inp

Compounds were added to cell culture with infection at a 10-fold serial dilution from
the beginning of 10pg/ml. AZT was used as positive control. Results demonstrated
that KM7, KM8, KM 14 had significant effect on cytopathic effect reduction in C8166
cells infected by HIV-11IIB with EC50 of 4.93uM (3.94pg/ml), 3.99uM (1.61pg/ml)
and 14.33uM (5.99ug/ml). KM79 had an ECso of 96.51uM (37.97ug/ml). EC50 of
AZT was 15.34nM (4.10ng/ml). Data are shown as one test of two repeats.
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Figure 3.27 KM7, KM8, KM14 showed P24 production inhibition in acute
infection

Compounds were added to cell culture with infection at a 10-fold serial dilution from
the beginning of 100mg/ml. Results showed that KM7, KM8 and KM14 dramatically
reduced P24 production in HIV-1yp acute infected C8166 cells with ECsy value of
20.54uM 1(8.32pg/m), 4.88uM (1.97ug/ml) and 12.99uM (5.43ug/ml). EC50 of
KM79 was 208.43pM (82.01pg/ml). EC50 of AZT was 7.07nM (1.89ng/ml). Data
are shown as one test of two repeats.
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Figure 3.28 MTT-based cytotoxicity assay of KM7, KM8, KM14 and KM79

Cellular toxicity of KM compounds was assessed by MTT method. Results
showed that KM7, KM8, KM 14 and KM79 had CCsof 436.56pM (176.3pg/ml),
36.15uM (14.62pg/ml), 29.43pM (12.39pg/ml) and >508uM (>200pg/ml), to
human T cell line C8166 cells respectively. CCsoof AZT was 3.76mM

(1007.2pg/ml). Data arc shown as one test of two repeats.



3.2.15 MTT-based cytotoxicity assay

Cellular foxicity of KM compounds was assessed by MTT method. The protocol was
as mentioned in chapter 2. Results showed that KM7, KM8, KM14 and KM79 had
CCsoof 436.56pM (176.3pg/ml), 36.15uM (14.62pg/ml), 29.43pM (12.3%9ug/ml) and
>508pM (>200pg/ml), to human T cell line C8166 cells respectively. CCsq of AZT
was 3.76mM (1007.2pg/ml) (Figure 3.28).

3.3 Discussion

As mentioned in previous section, HIV-1 integrase was an attractive target for
anti-HIV drugs development, for it has no direct cellular counterpari{Anthony, 2004).
The integration was an important step in HIV replication and critical for latent
infection. Targeting the strand transfer step, Raltegravir from Merck was the first
HIV-1 integrase inhibitor approved by FDA in 2007(Cabrera, 2008).
Raltegravir-containing regimens had potent antiretroviral activity and were well

tolerated in patients in clinical trials(Cocohoba and Dong, 2008).

Preintegration complex was consisted of many known and unknown cellular
cofactors(Bukrinsky and Haffar, 1997). Undoubtly, integrase is the key player in the
preintegration complex. Prior to integration, the integrase has first to be translocated
into the nucleus(Bukrinsky and Haffar, 1997). Lens epithelium-derived growth factor
(LEDGF/p75), the first discovered cellular co-factor for integration in vivo, was
implicated to play a key role in the process(Cherepanov et al., 2003). Residues
347-429 at the C-terminus of LEDGF/p75 were identified as the integrase binding
domain (IBD)}(Cherepanov et al., 2004).

The x-ray crystal structure suggested that when in complex with the catalytic domain
of HIV-1 IN, LEDGF/p75 IBD, LEDGF/p75 acted through a tethering mechanism
with the N-terminal Pro- Trp- Trp- Pro (PWWP) and A/T-hook elements binding to

98



chromatin, and the C-terminal integrase-binding domain (IBD) binding to integrase.
Intervention of such a process could potentially be an important target for drug
development(Botbol et al., 2008; Cherepanov et al., 2005; Cherepanov et al., 2004;
Shun et al, 2008). D77, a benzoic acid derivative, disrupts HIV-1 integrase -
LEDGF/p75 interaction as reported. D77 was the first small molecular compound

discovered targeting HIV-1 integrase-LEDGF/p75 interaction{Du et al., 2008).

In this study, we constructed a cell based HIV-1 integrase inhibitors screening
platform by cloning integrase fused with EGFP into eukaryotic expression system.
The transfection result showed integrase was mainly localized into the human cellular
nucleus both in Tet Off Advanced Hela cell line and 293T cell line. Cell imaging
result demonstrated that our platform was suitable for HIV-1 integrase inhibitors

screening.

For drug candidates collection, synthetic compounds and natural products were two

sources usually concerned in drug screening.

SPECS, which was founded in 1987, provides chemistry and chemistry related
services that are required in drug discovery. SPECS is the world’s leading provider of
compound management services besides being a main supplier of screening
compounds and building blocks to the life science industry. SPECS database is
consisting of single synthesized, well-characterized and drug-like small molecules,
has been built through global acquisition programs utilizing a network of more than
2,000 academic sources worldwide(http://www.specs.net). Totally more than 30
thousands compounds were downloaded from SPECS for molecular docking in this

study. This is our first source for HIV-1 integrase inhibitors screening.
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ZINC is a free database of commercially-available compounds for virtual screening.
ZINC is provided by the Shoichet Laboratory in the Department of Pharmaceutical
Chemistry at the University of California, San Francisco (UCSF). Over thirteen
million purchasable compounds were collected in ZINC
database(http://zinc.docking.org/). And these compounds were usually 3D formats
and prepared for docking. More than 70 thousand compounds were downloaded from
ZINC natural product database. This is our second source for HIV-1 integrase

inhibitors screening.

Since September of 2010, I began to collaborate with Kunming Institute of Zoology,
the Chinese Academy of Sciences. The KIZ is also working on the study of antiviral
research on HIV. KIZ has a collection of purified compounds extracted from Chinese
herbs and synthetic compounds with a number of more than 300 hundreds. As I
mentioned above, I conducted a cooperative research in KIZ for drug screening. This

is our third source for HIV-1 integrase inhibitors screening.

Molecular docking have been used widely in compounds and proteins interaction
approach. It is now a powerful tool in drug development and discovery. If the receptor
has a clear crystal structure is available. Based on the analysis of the structure, a
virtual screening can be performed. Through analyzing the virtual screening result, a
ranking of the candidates can tell us which compounds are suitable for further

development.

For molecular docking, the integrase structure that is used in this study is reported by
Cherepanov and his coworkers. Their valuable work is the basis of our docking study.
Crystal structure of intergrase catalytic core domain dimer (2B4J) was downloaded
from PDB (PDB ID: 2B4J)(Cherepanov et al., 2005). LEDGF peptide was removed
from IN CCD dimer. Then waters were removed from IN CCD. The receptor was
then modified with Autodocktools-1.5.4 for molecular docking. Molecular docking
was run between the IN CCD and ligands from SPECS and ZINC database. The
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docking results guided us to select 23 compounds from SPECS and 3 from ZINC for
further experiment. Finally, 8 compounds (DW-IN4, DW-IN5, DW-IN6, DWIN-9,
DW-IN15, DW-IN16, DW-IN17, DW-IN21) from SPECS and 1 compound
(DW-IN719) from ZINC were found to inhibit integrase nuclear translocation. This
indicates that former docking results were reliable in some degree. Molecular docking
improved our screening efficiency by reducing the number of compounds for cell

based screening. It is time-consuming and money-consuming.

Expression of EGFP tagged HIV-1 integrase

HIV-1 integrase was cloned into pTRE2hyg to express integrase in Hela Tet off
Advanced cells. Transfection of the vector into human cells was conducted by
Lipofectamine 2000. This reagent has a high surrounding tolerance with the presence
of FBS. But it also has comparatively higher cytotoxicity. Twenty-four hours after
transfection, 5-30 percent cells died with unknown reason. Expression of integrase
was usually examined twenty hours after transfection. In fact, integrase may began to
express in the cells earlier than this. To reach the high transfection efficiency, we

didn’t disturb the cells before observing.

Expression of integrase was mainly localized into the cellular nucleus (Figure 3.1),
while EGFP only expressed in the whole cell. From the cell imaging, we discovered
some bright particles in the nucleus. It was the over expressed integrase that
accumulated in the nucleus. Interestingly, positive cells with high expression of
integrase were offen observed died faster than the negative cells. It indicates that high

expression integrase may be toxic to cells.

Screening of integrase inhibitors in cell based platform

Selected compounds by molecular docking were further screened with cell based
platform. Compound solutions were added to the cell culture five hours after
transfection since the foreign gene may begin to express in earliest transfected cells as
soon as transfection. Avoid add compound solutions to the cells during incubation
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with Lipofectamine 2000, i.e in the first five hours. Because during the transfection,
cell membrane were teared transiently to form small holes to let the
DNA-Lipofectamine complex go into the cells. Cells were vulnerable during this time

course, additional compounds may cause plenty of cell death.

The compounds were tested at IpM, SpM and 10uM for integrase nuclear
translocation inhibition. Eight compounds (DW-IN4, DW-IN5, DW-IN6, DWIN-9,
DW-IN15, DW-IN16, DW-IN17, DW-IN21) from SPECS were found to inhibit
integrase nuclear translocation at 1uM (Figure 3.2). Therefore, there is approximately
35% of the selected compounds showed affinity in docking analysis showed positive

results in cell based screening.

Following serial dilution assays showed that these compounds inhibited integrase
nuclear translocation in a dose dependent manner (Table 3.2). These compounds
showed integrase inhibition effect at 1uM indicated that these compounds were more
effective than D77 which inhibited integrase nuclear translocation at SuM.

DW-IN719, one natural product from ZINC, also showed integrase nuclear

translocation inhibition at 1uM (Figure 3.13).

From more than 150 samples in KIZ, six compounds (KM7, KM8, KM14, KM30,
KM37, KM79) showed inhibition activity of integrase nuclear translocation at
200pg/ml (Figure 3.20). Since these samples were either synthetic or extracted from
Chinese herbs, no virtual screening were conducted before test. In fact, since the
sample database is not large and not all the samples were structurally clear, virtual

screening was not conducted at the beginning of the study.

Cytopathie effect reduction

To further test the compounds’ effect in live virus culture, cytopathic effect reduction
was conducted for the positive compounds with integrase nuclear translocation
inhibition. Syncytium formation is an important biological characteristic of T tropic
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HIV strains infection in cell culture. Syncytium forms in two to three days after virus
infection. Although the details of the syncytium formation are not clear at present, it
has been widely used in anti-HIV drug screening. HIV-11IIB was used in the live
virus assays. All the manipulations were done in Biological Safety Lab-3 in Kunming
Institute of Zoology, the Chinese Academy of Sciences. Compounds were added to
cell culture with infection at a 5-fold serial dilution from the beginning of 10pM.
Results demonstrated that DW-IN6 had significant effect on cytopathic effect
reduction in C8166 cells infected by HIV-1jg with EC50 of 3.47uM (Figure 3.15).
DW-IN5 had an EC50 of 9.37 M while other compounds had an EC50 that were >
10uM. In this study, it was found that DW-IN6 did show significant effect on the

reduction of cytopathic effect.

p24 production inhibition in acute infection

P24 is the core protein in the HIV particle. It is cleaved from the P55 precursor. P24
forms the viral capsid, in which viral RNA is encapsulated. The level of anti-p24
antibody in the serum is an indicator of HIV infection progression. Testing for
“heat-denatured p24 antigen™ was statistically equivalent to CD4 count and viral load
tests. P24 production inhibition in acute infection is key primary assay for testing the

drug efficacy of HIV replication inhibition.

Compounds were added to cell culture with HIV infection at a 2-fold serial dilution
from the beginning of 10uM. DW-IN719 and DW-IN6 dramatically reduced P24
production in HIV-11IIB acute infected C8166 cells with EC50 value of 4.33uM and
4.96uM respectively. Other compounds had EC50 of 17.09uM (DW-IN4), 11.60uM
(DW-INS), 15.53uM (DW-IN9), 11.75pM (DW-IN15), 16.40pM (DW-IN16),
13.46puM (DW-IN17), 15.81 uM (DW-IN21) as shown in the figure 2.16.

Taken together, it is concluded that DW-ING6 is a promising lead compound for further

drug development.
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MTT-based cytotoxicity assay

Cellular toxicity of natural product DW-IN719 and eight compounds (DW-IN4,
DW-IN5, DW-IN6, DW-IN9, DW-IN15, DW-IN16, DW-IN17, DW-IN21) were
assessed by MTT method. Results showed that DW-IN4, DW-IN5, DW-ING,
DW-IN9, DW-IN15, DW-IN16, DW-IN17, DW-IN21 and DW-IN719 had CCs; of
16.36uM, 6.35uM, 14.11uM, 16.51uM, 14.51uM, 16.80uM, 14.95uM, 13.80uM and
3.33uM to human T cell line C8166 cells respectively (Figure 3.17). MTT assay
showed that these compounds were toxic in some degree to human T cells. In future
research, modifications could be done to reduce the cytotoxicity of these compounds

in order to enhance their druggability.

Comparison of Virtual and Screening in vitro

In this study, both virtual screening and screening in vitro (cell based screening) were
used in HIV-1 integrase inhibitors screening. As for virtual screening, more than 100
thousand compounds were selected from two databases (SPECS and ZINC). The
virtual screening was then performed with Autodock. About 30 leading compounds
with high affinity and low toxicity to integrase were selected and obtained from
commercial company. Finally, 9 compounds from virtual screening showed
significant integrase nuclear translocation inhibition activity in cell based screening

platform.

More than 150 compounds obtained from Kunming Insititue of Zoology were selected
for integrase inhibitors. After several rounds of screening, 6 compounds showed
significant integrase inhibition on integrase nuclear translocation. Virtual screening
has become an indispensable tool in drug screening. Compared with conventional
screening method in vitro, virtual screening has the advantages of high efficiency, low
cost, and time saving. Through virtual screening, plenty of compounds can be
screened for some receptor in a short time. Virtual screening is a good complementary
method to the traditional screening method in vitro. Compared with virtual screening,
experiments are slower and time costing.
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In this study, 23 compounds from SPECS with high affinity were tested on cell based
platform while only 8 compounds showed integrase inhibition in cell imaging.

This shows some discrepany between the affinities calculated from docking with the
efficacy of these compounds on HIV-1 IN nuclear translocation. The docking results
are therefore only served as a tool for prediction of the interaction with HIV-IN and
the biological response may not correlate very well with the calculated binding

affinity and validation of biological efficacy has to be experimentally confirmed.
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Chapter 4
Synthesis and characterization of new
compounds with HIV-1 inhibitory activities
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4.1 Introduction

Through virtual screening, twenty-three compounds from SPEC free database with
high affinity and low toxicity to HIV-1 integrase were selected. These twenty-three
compounds were purchased from SPECS. On cell based integrase inhibitors screening
platform, eight out of twenty-three compounds showed significant inhibition on
HIV-1 integrase nuclear translocation. These compounds also showed inhibitory
effect on HIV-1 replication in live virus assays such as P24 antigen production in
acute infection and syncytia assay. While these compounds also showed cytotoxicity
in MTT assay performed with Human T cell line C8166. Based on these findings, we
hypothesize that if some new compounds with better effect on HIV-I replication
inhibition as well as lower cytotoxicity to human cell and human body could be
synthesized, then these compounds would be good new anti-HIV drug candidates.
This would be beneficial to anti-HIV drug development and contribution to present
HARRT treatment of HIV-1 infection. In this part, three out of eight compounds from
SPECS which showed significant inhibition on HIV-1 integrase nuclear translocation
were selected for derivative synthesis candidates. These compounds were analyzed by
NMR for purity and structure confirmation. NMR result showed that these
compounds were with high purity with the right structure as provided by SPECS.
Based on the NMR information, one compound DW-IN16, was selected as study
candidate. First, one derivative of DW-IN16 was synthesized, named INNE-1. The
structure of INNE-1 was confirmed by NMR. Subsequently, INNE-1 inhibited HIV-1
integrase nuclear translocation at 10uM. This encouraged us to design and synthesize
more compounds. Based on the structural information and cell imaging results of both
DW-IN16 and INNE-1, another five compounds named INNE-2, INNE-3, INNE-4,
INNE-5, INNE-6 were synthesized. All the derivatives were analyzed for structure
confirmation by NMR. Cell imaging results showed that INNE-1 and INNE-2 showed
inhibitory effect on HIV-1 integrase nuclear translocation. Four compounds, INNE-1,
INNE-2, INNE-3, INNE-4 showed HIV-1 replication inhibition effect with live virus

infection.

107



4.2 Results

4.2.1 NMR analysis of DW-IN6, DW-IN15 and DW-IN-16

Three compounds DW-IN6, DW-IN15 and DW-IN-16 were analyzed by NMR
(Figure 4.1a, b, ¢). NMR results confirmed the structures as provided by SPECS.
These certified that previous results were credible and these compounds were suitable

for further modification.

4.2.2 Synthesis of INNE-1 and NMR analysis

The synthesis of INNE compounds were made in collaboration with Dr. Joseph Chan,
According to the structural information of DW-IN6, DW-IN15 and DW-IN-16
provided by NMR analysis, first derivative was design mainly based on the structure
of DW-IN-16 aiming to reinforce the inhibitory effective on HIV-1 and reduce the
cytotoxicity to human cells and human body. The first synthesized derivative was
named INNE-1. After synthesis, INNE-1 was dissolved in DMSO-D6, and analyzed
with NMR. NMR result showed that INNE-1 was synthesized with the right structure

as designed.

4.2.3 INNE-1 showed inhibition on HIV-1 integrase nuclear franslocation

After confirmation of the structure, INNE was dissolved in DMSO. Integrase nuclear
translocation assay was conducted with HelLa Tet-Off Advanced cells transfected with
EGFP-C-IN expression vector by Lipofectamine according to the manufacturer’s
instruction. EGFP expression vector was transfected as control. Cell imaging results
showed that INNE-1 inhibited HIV-1 integrase nuclear translocation at 10pM (Figure
4.2).
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Figure 4.1a NMR analysis of DW-ING6.

Compound DW-IN6 was analyzed by NMR. NMR result showed that the compound’s
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structure was identical with the structure provided by SPECS.
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Figure 4.1b NMR analysis of DW-IN15.

Compound DW-IN15 was analyzed by NMR. NMR result showed that the
compound’s structure was identical with the structure provided by SPECS.
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Figure 4.1¢ NMR analysis of DW-IN16.

Compound DW-IN16 was analyzed by NMR. NMR result showed that the
compound’s structure was identical with the structure provided by SPECS.
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Figure 4.2 INNE-1 inhibited HIV-1 integrase nuclear translocation

INNE-1 was synthesized based on the structure information of DW-IN16. Cell
imaging showed that INNE-1 inhibited IN nuclear franslocation at 10 uM.
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4.2.4 Synthesis of INNE-2, INNE-3, INNE-4, INNE-5, INNE-6 and NMR analysis
The first derivative, INNE-1, inhibited HIV-1 integrase nuclear translocation at 10pM.
This result demonstrated that the design trend of new derivative is in the right
direction. According to the structure and synthesis route of INNE-1, more
modifications were designed to DW-IN16 and INNE-1. Subsequently, another five
derivatives were synthesized named INNE-2, INNE-3, INNE-4, INNE-5 and INNE-6.
NMR analysis showed that the five derivatives were with the correct structure as

designed.

4.2.5 INNE-2 showed inhibition on HIV-1 integrase nuclear translocation

Integrase nuclear translocation assay was conducted to test the inhibition effect of the
synthesized compounds. INNE-1 and DW-IN17 were tested under the same condition
as positive controls. Cell imaging results showed that INNE-2, INNE-1 and DW-IN17

inhibited HIV-1 integrase nuclear translocation at 15uM (Figure 4.3).

4.2.6 INNE-1, INNE-2, INNE-3, INNE-4 showed inhibition on cytopathic effect in
C8166 cells infected by HIV-1y13

The derivatives of DW-IN16 were further studied for anti-HIV-1 activity. Syncytia
assay were conducted to test whether these compounds could reduce cytopathic effect
in T cell line C8166 infected by HIV-1y;s3 Compounds were added to cell culture with
infection at a 5-fold serial dilution from the beginning of 10uM. AZT was used as
positive control. Results demonstrated that INNE-1, INNE-2, INNE-3, INNE-4 had
significant effect on cytopathic effect reduction in C8166 cells infected by HIV-1111B
with EC50 of 3.94uM, 4.90uM, 4.11 uM and 5.54uM respectively (Figure 4.4).
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Figure 4.3 INNE-2 inhibited HIV-1 integrase nuclear translocation

Integrase nuclear translocation assay was conducted to test new derivatives’ inhibition
effect on HIV-1 integrase nuclear translocation. INNE-1 and DW-IN16 were tested
under the same condition as positive controls. Cell imaging results showed that
INNE-2, INNE-1 and DW-IN17 inhibited HIV-1 integrase nuclear translocation at
15pM. While INN-3, INN-5 and INN-6 failed to inhibit HIV-1 integrase nuclear
translocation.
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Figure 4.4 INNE-]1, INNE-2, INNE-3, INNE-4 showed inhibition on cytopathic
effect in C8166 cells infected by HIV-1gm

Compounds were added to cell culture with infection at a 5-fold serial dilution from
the beginning of 10uM. AZT was used as positive control. Results demonstrated that
INNE-1, INNE-2, INNE-3, INNE-4 had significant effect on cytopathic effect
reduction in C8166 cells infected by HIV-1IIIB with EC50 of 3.94uM, 4.90uM,
4.11pM and 5.54pM respectively. Data are shown as one test of three repeats.
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4,2.7 P24 production inhibition in acute infection

Suppression of the synthesized compounds on viral replication was also assessed by
measuring expression of HIV-1 P24 antigen. Compounds were added to cell culture
with HIV-lpp infection at a 2-fold serial dilution from the beginning of 10uM.
Results showed that INNE-1, INNE-2, INNE-3 and INNE-4 dramatically reduced P24
production in HIV-1ygp acute infected C8166 cells with ECsy value of 4.51uM,
5.98uM, 5.62uM and 6.97uM respectively (Figure 4.5).

4.2.8 MTT-based cytotoxicity assay

To reduce the cytotoxicity to human cells was one of the important concerns in
designing and synthesizing of dertvatives. Cellular toxicity of synthesized compounds
was assessed by MTT method. Compounds were added to cell culture at a 2-fold
serial dilution from the beginning of 20uM. Results showed that INNE-]1, INNE-2,
INNE-3 and INNE-4 had CCsgof 14.75uM, 7.93uM, 5.77uM and 6.34uM to human T

cell line C8166 cells respectively (Figure 4.6).
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Figure 4.5 INNE-1, INNE-2, INNE-3, INNE-4 showed P24 production inhibition
in acute infection

Compounds were added to cell culture with infection at a 2-fold serial dilution from
the beginning of 10puM. Results showed that INNE-1, INNE-2, INNE-3 and INNE-4
dramatically reduced P24 production in HIV-lyp acute infected C8166 cells with

ECsovalue of 4.51uM, 5.98uM, 5.62pM and 6.97puM respectively. EC50 of AZT was
1.47ng/ml. Data are shown as one test of three repeats.
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Figure 4.6 MTT-based cytotoxicity assay of INNE-1, INNE-2, INNE-3 and
INNE-4

Cellular toxicity of synthesized compounds was assessed by MTT method.
Compounds were added to cell culture at a 2-fold serial dilution from the beginning of
20puM. Results showed that INNE-1, INNE-2, INNE-3 and INNE-4 had CCsy of
14.75uM, 7.93uM, 5.77uM and 6.34uM to human T cell line C8166 cells respectively.
Data are shown as one test of three repeats.
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4.3 Discussion

Based on the structural interaction analysis of of HIV-1 integrase and it interaction
with LEDGF (Cherepanov ef al., 2005), virtual screening with the crystal structure of
HIV-IN (PDB 1D:2B4]) on two chemical databases in public domain was conducted.
It is hypothesized that small molecules that are of high affinity to disrupt the
LEDGF-IN interaction so as to inhibitor integrase nuclear tramslocation. Such
intearation-interation inhibiton may have resulted in the biockage of HIV-1 integrase

to enter the nucleus and thereby to inibit HIV-1 integration and replication.

A structure-based virtual screening was performed by using the advanced docking
program AutoDock 4.2, by starting with the crystal structure of dimeric catalytic core
domain of HIV-1 IN complexed to the IN-binding domain of LEDGF(PDB
ID:2B4]J ) Cherepanov et al., 2005). The principal structural features of IN that are
recognized by the host factor are the backbone conformation of residues 168-171
from one monomer and a hydrophobic patch that is primarily comprised of a-helices 1
and 3 of the second IN monomer. For molecular docking, the hydrophobic pocket
enclosed by Chain A and Chain B including the LEDGF/p75 binding site in HIV-1 IN
CCD dimer interface was used for virtual screening. In this work, a SPECS
(http://www.specs.net/) library that contains 30000 drug-like molecules was screened.
Small compounds were docked into the LEDGF/p75 -binding site of IN CCD dimer
to obtain their docking modes, and they were ranked according to their calculated
binding free energies. On the basis of virtual screening and commercial availability, a
total of 23 candidates were selected for further study to provide experimental

evidence of HIV-1 IN inhibition.

As shown in Chapier 3, only 8 of the 23 compounds, designated as, DW-IN4,
DW-IN5S, DW-IN6, DW-IN9, DW-IN15, DW-IN16, DW-IN17, DW-IN21 were
found to inhibit the IN-LEDGF/p75 interaction and affect the HIV-I IN nuclear
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distribution at 1pM. These compounds suppressed viral replication by measuring
HIV-1 P24 antigen production in HIV-1I1IB acute infected C8166 cells. These results
provide useful structural information for further anti-HIV agent discovery. Cellular
toxicity of eight compounds (DW-IN4, DW-IN5, DW-IN6, DW-IN9, DW-IN135,
DW-IN16, DW-IN17, DW-IN21} were assessed by MTT method. Results showed
that most compounds had CCsy of around or more than 10uM, indicating the

compounds have modest toxicity to the cells.

During the course of the study, a separate natural product database (ZINC) was also
used in the search for HIV-1 integrase inhibitors. Another way is to design and
synthesize new compounds based on computational chemistry or existing HIV-1
inhibitors structural information. Several trials have been made in synthesis of new

anti-HIV inhibitors.

New drugs are designed based on the structure information on the target proteins and
existing drugs. After synthesis, newly synthesized drug candidates are tested for
biological activity.. This will return useful structural information for understanding
and interpreting of the effective structure and interaction between the drug and target
protein. This feedback will assist scientists to design and synthesize more effective

drugs.

Small molecules are more promising as drug candidates in anti-HIV treatment. But
peptides discovery with anti-HIV character can provide us with some useful
information on drug binding site and drug-virus interaction so as to assist further drug

design and development.

In this study, several of small molecules from SPECS and ZINC with distinct
structural diversity showed excellent binding affinity to integrase using the virual
screeing analysis. These compounds were purchased from the vendors and were

selected for screening on cell based imaging platform on integrase nuclear
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translocation and immunofluorescence experiments. Among the 23 potential
candidates, only eight of them showed predicted in vtiro inhibition of HIV-1 IN
nuclear translocation. They are designated as compounds from SPECS (DW-IN4,
DW-INS, DW-IN6, DW-IN9, DW-IN15, DW-IN16, DW-IN17, DW-IN21) and one
compound from ZINC (DW-IN719) as novel anti-HIV inhibitors targeting the
interaction between integrase and cellular lens epithelium-derived growth factor
LEDGF. These compounds suppressed viral replication by measuring HIV-1 P24
antigen production in HIV-1IIIB acute infected C8166 cells. These results might
supply useful structural information for further anti-HIV agent discovery. Cellular
toxicity of eight compounds (DW-IN4, DW-IN5, DW-IN6, DW-IN9, DW-IN15,
DW-IN16, DW-IN17, DW-IN21) were assessed by MTT method. Results showed

that most compounds had CCs, of around or more than 10puM.

On the basis of these findings, we hypothesize that if some new compounds with
better effect on HIV-1 replication inhibition as well as lower cytotoxicity to human
cell and human body could be synthesized, then these compounds would be good
novel anti-HIV drug candidates. This would be beneficial to anti-HIV drug

development and do contribution to the present HARRT treatment of HIV-1 infection.

Subsequently, three out of eight compounds from SPEC which showed significant
inhibition on HIV-1 integrase nuclear translocation were selected for derivative
synthesis candidates. These compounds were analyzed by NMR for purity and
structure confirmation. NMR result showed that these compounds were with high

purity with the right structure as provided by SPECS.

Based on the NMR information, one compound DW-IN16, was selected as study
candidate. First, one derivative of DW-IN16 was synthesized, named INNE-1. The
structure of INNE-1 was confirmed by NMR. INNE-1 inhibited HIV-1 integrase
nuclear translocation at 10uM. This encouraged us to design and synthesize more
compounds.
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Based on the structural information and cell imaging results of both DW-IN16 and
INNE-1, another five compounds named INNE-2, INNE-3, INNE-4, INNE-5,
INNE-6 were synthesized. All the derivatives were analyzed for structure
confirmation by NMR. Cell imaging results showed that INNE-1 and INNE-2 showed
inhibitive effect on HIV-1 integrase nuclear translocation. Four compounds, INNE-1,
INNE-2, INNE-3, INNE-4 showed HIV-1 inhibition effect with live virus infection.
We demonstrated that INNE-1, INNE-2, INNE-3, INNE-4 had significant effect on
cytopathic effect reduction in C8166 cells infected by HIV-1IIIB with EC50 of
3.94uM, 4.90uM, 4.11 pM and 5.54uM respectively. Experiment results showed that
INNE-1, INNE-2, INNE-3 and INNE-4 dramatically reduced P24 production in
HIV-1ym acute infected C8166 cells with ECsq value of 4.51uM, 5.98uM, 5.62pM and
6.97uM respectively. Cellular toxicity of synthesized compounds was assessed by
MTT method. Results showed that INNE-1, INNE-2, INNE-3 and INNE-4 had CCsg
of 14.75pM, 7.93uM, 5.77uM and 6.34uM to human T cell line C8166 cells
respectively. Compared with SPECS compounds, most of newly synthesized

compounds have lower cytotoxicity.

The above data showed that the synthesis of new anti-HIV compounds are consistent
with the structure activity prediction. Promising compounds have been synthesized
such as INNE-1 and INNE-2, which showed inhibitory effect both in cell imaging and
live virus assays. The next step may be to design more compounds that are the
derivaties of these core structures. Compounds with stronger effect and lower toxicity

would be achieved.
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Chapter 5
Characterization of CXCR4 chemokine
receptor internalization for development of
new class of anti- AIDS drugs
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5.1 Introduction

In this study, a platform on anti-AIDS drugs screening by expressing CXCR4-GFP on
293T cell line with lentivirus expression system was developed. Using cell imaging
techniques, the GFP-tagged chemokine receptor CXCR4 using the lentivirus
expression system was generated for live cell fluorescence imaging experiment.
CXCRA4 receptor is a critical co-receptor in CD4 positive lymphocytes mediating the
fusion of HIV into the CD4 positive cells. CXCR4-C-GFP was over-expressed in
293T cells and the results showed that GFP-CXCR4 receptor is expressed at the
plasma membrane of the cells. These cells will be used to monitor the blockage of
CXCR4 receptor internalization as potential platform for drug development. It is
hypothesized that antagonists to CXCR4 internalization may be potential candidates
for development of new drugs that can block HIV-1 fusion into cells.

A library containing more than 150 drug like compounds and natural products
extracted from herbs were screened for CXCR4 antagonists. After several rounds of
screening, four compounds (KX128, KX166, KX171 and KX180) inhibited SDF-1
induced CXCR4 internalizaiton in cell based assay. These four compounds were
further tested for HIV-1 inhibition through live virus asssays such as P24 produciton
inhibition and syncytia formation inhibition assay in acute HIV infection. Results
showed that KX128 inhibited HIV-1 replication significantly. The binding mode of

these four compounds to CXCR4 was also analyzed by molecular docking.
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5.2 Results

5.2.1 Expression of CXCR4-GFP fusion protein in 293T cells

Human CXCR4 gene (genebank ID: AY242129) was amplified by RT-PCR from the
total RNA extracted from human T lymphoblasts (H9 cell line). The primer sequences
are forward primer 5’-AAACATGGAGGGGATCAGTATATAC-3’, reverse primer
5’-AGCTGAGTAACAGCGGACGGGAATCCCAAA-3’. After confirmation of its
identity by DNA sequencing, CXCR4 ¢cDNA was subcloned into lentivirus vector-
pWPXL. The recombinant plasmid was confirmed by PCR with CXCR4 specific
primers and by restriction enzyme digestion reaction with Pmel (20,000U/ml, NEB)
and Mlul (20,000U/ml, NEB), in 1X NEB buffer 4 and 1X NEB BSA in 37°C
overnight. Then transfer vector pWPXL-CXCR4, packing vector psPAX2 and
envelope vector pMD2G were transformed into DH5a competent cells respectively.
After single positive clones were selected for three vectors, clones were cultured in
20mi LB medium respectively with gentle shaking for overnight. The three vectors
were extracted from the bacterial cultures according to the lentivirus production

protocol as mentioned in section 2.2.7.2.

Lentivirus was produced by co-transfection of transfer vector pWPXL-CXCR4,
packing vector psPAX2 and envelope vector pMD2G into Human embryo kidney
(HEK) 293T cell line (Figure 5.1). Since the first generation of recombinant virus was
with low infect efficiency, no obvious phenotypic changes were observed from the
morphology of the cells. The infection was repeated for three times in 293T cells to
get a high infective recombinant virus. After three rounds of infection, the infectivity
of virus reached 40-50% percent. Then the recombinant virus liquid was concentrated
with the protocol mentioned in 2.2.7.3. After concentration, the infectivity of the
recombinant virus can reach up to 80-90%. After infection, the CXCR4-GFP was
expressed mainly on 293T cell plasma membrane while GFP was expressed in the

whole cell in 293T cells infected with control virus without foreign gene (Figure 5.2).



Collect lentivirus

Figure 5.1 Production of CXCR4 expressing lentivirus

CXCR4 gene was cloned into the lentivirus expression vector pWPXL. Restriction
enzyme sites used for CXCR4 cloning were Pmel and Mlul. Expression of CXCR4
was fused with GFP. This made CXCR4 trackable in fluorescence microscopy.
EF-lalpha (human elongation factor alpha) promoter leads to high expression of
CXCR4-GFP fusion protein. cPPT (central polypurine tract) was introduced into the
lentivirus expression vector to improve the efficiency of transduction(Park and Kay,
2001). Co-transfection of pWPXL-CXCR4-GFP, psPAX2 and pMD2G into 293T
cells to produce recombinant viruses.
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5.2.2 SDF1 induced CXCR4 internalization

Hela cells were infected with CXCR4 expressing lentivirus. Fourty-hours after
infection, fluorescence analysis was performed with Leica SP5 confocal microscopy.
Similar to infection of 293T cells, CXCR4-GFP was mainly expressed on the cell
membrane of Hela cells (Figure 5.3). With the induction of an endogenous CXCR4
receptor agonist SDF-1a at 10 nM, the CXCR4 began to internalize in 15 minutes
(Figure 5.3). More than 85% of plasma membrane expressed CXCR4 was internalized

by 10 nM SDF-1a in 1 hour (Figure 5.4).

5.2.3 Stable cell line expressing CXCR4-GFP in 293T

The 293T cells stably transfected with high infective CXCR4-GFP expressing
recombinant virus was established in this study. Forty-eight hours afler infection, the
percentage of infected cells was examined by fluorescence with Leica SP5 confocal
microscopy. Green fluorescence expressed on the 293T cell membrane showed that
infection was successful. By counting of fluorescence expressing cells, more than 50
percent of cells were infected successfully while the expression levels were different
in all the infected cells. It was observed that although lentivirus has a character of
integration of viral genes into host genome, not all the infected cells could live for a
long time with foreign gene expression and many of the infected cells eventually died.
Clonal selection was necessary to select clones with high degree of viability. After
three rounds of clone selection, a stable cell line expressing CXCR4-GFP was
established. To check the stability of the established cell line, the cells were cultured
for more than 6 months continuously without evident change of CXCR4 expressing
level (Figure 5.5). The positive cell percentage remained the similar to the cells at

early passages. The stable cell line was stored in aliquot in liquid nitrogen for later use
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Figure 5.2 Expression of GFP-CXCR4 was localized on cellular membrane

293T cells were transiently infected with CXCR4 expressing lentivirus. Note the
green fluorescence is highly localized on the membrane of the cells. The blank
lentivirus without foreign gene was used as control. GFP expressed in the whole cell
with equal distribution. Scale bar = 25um.
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Figure 5.3 SDF1 induced CXCR4 internalization

Hela cells were infected with CXCR4 expressing lentivirus. CXCR4-GFP was mainly
expressed on the cell membrane of Hela cells. Induced with SDF-1a at 10 nM, the
CXCR4 began to internalize in 15 minutes. More than 85 percent of plasma
membrane expressed CXCR4 was internalized by 10 nM SDF-1a in 1 hour.
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Figure 5.4 SDF1 induced CXCR4 internalization was time dependent
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5.2.4 Fluorescence percentage of stable cell line measured by Flow Cytometry
After the CXCR4-GFP expressing stable cell line was constructed, the positive cells
percentage was measured by flow cytometry. Fluorescence positive cells counting

showed that 90.45% cells were expressing CXCR4-GFP fusion protein (Figure 5.6).

5.2.5 Screening of CXCR4 antagonist

In collaboration with Prof. YT Zheng of Kunming Institute of Zoology, compounds
that have the antagonist activity against CXCR4 in stably tranfected cells, were
screened. After several rounds of screening using the cell imaging experiment as
described in section 2.2.4, four compounds (KX128, KX166, KX171, KX180) out of
more than 150 showed CXCR4 internalization inhibition activity in cell based
screening experiments (Figure 5.7). The structures of KX128, KX166, KX171 and

KX180 were summarized showed in figure 5.8.
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Figure 5.5 Stable 293T cell line expressing CXCR4-GFP.

Note that CXCR4 is preferentially expressed in the plasma membrane of the cells.
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Figure 5.6 Flow cytometry analysis of stable cell line expressing CXCR4-GFP in

293T

Fluorescence cells percentage was measured by flow cytometry. Fluorescence
positive cells counting showed that 90.45% cells were expressing CXCR4-GFP fusion

protein
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X4-GFP SDF-1 AMD3100 KX135

KX128 KX166 KX171 KX180

Figure 5.7 Screening results of CXCR4 antagonist

After several rounds of screening, four (KX128, KX166, KX171, KX180) out of more
than 150 compounds showed CXCR4 internalization inhibitive activity in cell based
screening experiments. CXCR4-expressing cells were pre-incubated with 200 pg/ml
(KX128: 475.95uM, KX166: 254.78uM, KX171: 402.73uM, KX180: 323.25uM)
compounds or 50pg/ml (62.95uM) AMD3100 for 15 minutes. Then SDF-1q was
added to the culture at final concentration of 20nM. After induction of 45 minutes,
cells were fixed with 4% paraformaldehyde in PBS for 15 min at room temperature.
One negative result KX135 is shown as control.
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Figure 5.8 Structures of KX compounds
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5.2.6 Molecular docking

Previous studies from other research groups have reported that two chemicals,
designated as of IT1t and AMD3100 had CXCR4 antagonist activity(Donzella et al.,
1998; Thoma et al., 2008). The structures of IT1t and AMD3100 were showed in
figure 5.9. Molecular docking was run by Autodock Vina. The binding sites were
referred to the ligand binding pocket reported in crystal structure of CXCR4 together
with IT1t (PDB ID: 30DU) (citation). A girdbox of 40x40x40 was applied in the
docking. Others parameters were set as default. To compare KX compounds’ binding
affinity to CXCR4, KX128, KX166, KX171 and KX 180 were docked in comparison
to those of IT1t and AMD3100. These six compounds were ranked according to the
binding affinity to CXCR4 in molecular docking (Table 5.1). KX166 showed the
highest binding affinity to CXCR4. KX180 and KX128 had the similar binding
affinity following KX166. AMD3100, KX171 and IT1t had similar binding affinity.

The interaction of these compounds with CRCR4 was analyzed by Pymol and Ligplot
(http://www.pymol.org, http://www.ebi.ac.uk/thormnton-srv/software/LIGPLOT/). The
docking results showed that KX128, KX166, KX171, KX180 and AMD3100 were
docked into the hydrophobic pocket formed by surrounding residues of CXCR4.

AMD3100 formed four H-bonds with CXCR4. OD1 of Asp97 formed two H-bonds
with N3 and N7 of AMD3100 with distances of 2.80 A and 3.22 A respectively. N5
of AMD3100 formed H-bond with O of Cys186 with a distance of 2.88 A. N4 of
AMD3100 formed H-bond with OE1 of GIn200 with a distance of 3.00 A. Besides,
AMD3100 formed hydrophobic contacts with His113, Ala98, Aspl87, Phel99,
Tyr190, Trp94 and Argl88 respectively (Figure 5.10).

KX128 formed three H-bonds with CXCR4. O19 of KX128 formed a H-bond with
OH of Tyrl16 with a distance of 2.96 A. 020 of KX128 formed two H-bonds with

NH1 and NH2 of Arg188 with distance of 3.04 A and 3.04 A respectively. Besides,
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KX128 formed hydrophobic contacts with Trp102, His113, Trp94, Leu41, Ile284 and
[1e259 respectively (Figure 5.11).

KX166 formed four H-bonds with CXCR4. KX166 formed three H-bonds with
His281 with a distance of 2.99 A, with His113 with a distance of 3.18 A, with Cys186
with a distance of 3.16 A respectively. 056 of KX166 formed a H-bond with NH1of
Arg30 with a distance of 2.99 A. Besides, KX166 formed hydrophobic contacts with
His113, Glu32, Ala98, 1lel185, Trp94, Tyr45, Tyrll6, Valll2, Asp97, 1le284 and
His281 respectively (Figure 5.12).
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Figure 5.9 Structures of AMD3100 and IT1t.
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Table 5.1 Ranking of KX128, KX166, KX171, KX180, AMD3100 and IT1t

CXCRA4 crystal structure was selected from PDB (PDB ID: 30DU). The binding sites
were referred to the ligand binding pocket reported in crystal structure of CXCR4
together with IT1t (PDB ID: 30DU).The docking was run by Autodock VINA. A
gridbox of 40x40x40 was used for docking. Other parameters were set as default. The
logarithm of the ratio of the concentrations of the un-ionized solute in the solvents is
called log P; the log P values is also known as a measure of lipophilicity
(http://en.wikipedia.org/wiki/Partition_coefficient). Compound with higher logP is
more hydrophobic.

Compound Affinity (kcal/mol) LogP
KX166 -10.7 21.247
KX180 -9.9 5.04
KX128 -9.7 4.59
AMD3100 94 -2.80
KX171 -9.1 4.54
IT1¢t -8.0 5.62
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Figure 5.10 Interaction analysis between AMD3100 and CXCR4

A) The AMD3100 was shown as sticks. The secondary structure of CXCR4 was
shown as cartoon. The H-bond was shown as red with distance label. AMD3100 was
docked into the hydrophobic pocket formed by surrounding residues of CXCRA4.

B) OD1 of Asp97 formed two H-bonds with N3 and N7 of AMD3100 with distances
of 2.80 A and 3.22 A respectively. N5 of AMD3100 formed H-bond with O of
Cys186 with a distance of 2.88 A. N4 of AMD3100 formed H-bond with OE1 of
GIn200 with a distance of 3.00 A. Besides, AMD3100 formed hydrophobic contacts
with His113, Ala98, Asp187, Phel199, Tyr190, Trp94 and Arg188 respectively.
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Figure 5.11 Interaction analysis between KX128 and CXCR4

A) The KX128 was shown as sticks. The secondary structure of CXCR4(PDB ID
30DU) was shown as cartoon. The H-bond was shown as red with distance label.
KX128 was docked into the hydrophobic pocket formed by surrounding residues of
CXCRA4.

B) 019 of KX128 formed a H-bond with OH of Tyr116 with a distance of 2.96 A.
020 of KX128 formed two H-bonds with NH1 and NH2 of Argl188 with distance of
3.04 A and 3.04 A respectively. Besides, KX128 formed hydrophobic contacts with
Trp102, His113, Trp94, Leu41, 11284 and Ile259 respectively.
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Figure 5.12 Interaction analysis between KX166 and CXCR4

A) The KX166 was shown as sticks. The secondary structure of CXCR4 was shown
as cartoon. The H-bond was shown as red with distance label. KX166 was docked
into the hydrophobic pocket formed by surrounding residues of CXCR4. KX166
formed three H-bonds with His281 with a distance of 2.99 A, with His113 with a
distance of 3.18 A, with Cys186 with a distance of 3.16 A respectively.

B) 056 of KX166 formed a H-bond with NH1of Arg30 with a distance of 2.99 A.
Besides, KX166 formed hydrophobic contacts with His113, Glu32, Ala98, Ilel85,
Trp94, Tyr45, Tyrl16, Vall12, Asp97, [le284 and His281 respectively.
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KX171 formed three H-bonds with CXCR4. 017 of KX171 formed H-bond with NE2
of GIn200 with a distance of 2.92 A. 017 of KX171 also formed H-bond with OH
of Tyr255 with a distance of 2.77 A. 028 of KX171 formed H-bond with NHI of
Arg188 with a distance of 3.27 A. Besides, KX166 formed hydrophobic contacts with
His203, Leul20, Phel99, Glu288, Leu4l, Trp94 and Ile204 respectively (Figure
5.13).

KX180 formed three H-bonds with CXCR4. KX180 formed H-bond with His113 with
a distance of 3.15 A. KX 180 formed two H-bonds with Argi88 with distances of 3.05
A and 3.20 A respectively. KX180 formed hydrophobic contacts with Tyr116, Trp94
Vall12, Tyr190 and Val196 respectively (Figure 5.14).

5.2.7 Syncytia assay

The compounds (KX128, KX166, KX171, KX180) that inhibited SDF-1 induced
CXCR4 internalization were further analyzed in syncytia assay. Results demonstrated
that KX128 had significant effect on cytopathic effect reduction in C8166 cells
infected by HIV-111IB with EC50 of 1.13pM (0.54ug/ml). KX171 also had significant
effect with an ECsp of23.16uM (11.52pg/ml). KX166 and KX180 had ECsp of
59.75uM (46.93pg/ml) and 29.58uM (18.39ug/ml) respectively. EC50 of AZT was
6.770M (1.81ng/ml) (Figure 5.15).
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Figure 5.13 Interaction analysis between KX171 and CXCR4

A) The KX171 was shown as sticks. The secondary structure of CXCR4 was shown
as cartoon. The H-bond was shown as red with distance label. KX171 was docked
into the hydrophobic pocket formed by surrounding residues of CXCR4.

B) 017 of KX171 formed H-bond with NE2 of GIn200 with a distance of 2.92 A.
017 of KX171 also formed H-bond with OH of Tyr255 with a distance of 2.77 A.
028 of KX171 formed H-bond with NH1 of Argl88 with a distance of 3.27 A.
Besides, KX166 formed hydrophobic contacts with His203, Leul20, Phe199, Glu288,
Leu41, Trp94 and 11e204 respectively.
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Figure 5.14 Interaction analysis between KX180 and CXCR4

A) The KX180 was shown as sticks. The secondary structure of CXCR4 was shown
as cartoon. The H-bond was shown as red with distance label. KX180 was docked
into the hydrophobic pocket formed by surrounding residues of CXCR4. KX180
formed H-bond with His113 with a distance of 3.15 A. KX180 formed two H-bonds
with Arg188 with distances of 3.05 A and 3.20 A respectively.

B) KX180 formed hydrophobic contacts with Tyrl116, Trp94 Vall12, Tyrl190 and
Val196 respectively.
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Figure 5.15 KX128, KX166, KX171 and KX180 showed inhibition on cytopathic
effect in C8166 cells infected by HIV-1gz

Compounds were added to cell culture with infection at a 10-fold serial dilution from
the beginning of 100pug/ml. AZT was used as positive control. Results demonstrated
that KX128 had significant effect on cytopathic effect reduction in C8166 cells
infected by HIV-11IIB with EC50 of 1.13uM (0.54pg/ml). KX171 also had significant
effect with an ECsp of 23.16pM (11.52pg/ml). KX166 and KX180 had ECsy of
59.75uM (46.93pg/ml) and 29.58uM (18.39ug/ml) respectively. EC50 of AZT was
6.77nM (1.81ng/ml). Data are shown as one test of two repeats.



5.2.8 P24 production in acute infection assay of KX compounds

Four compounds (KX128, KX166, KX171, KX180) out of more than 150 compounds
showed CXCR4 internalization inhibitive activity in cell based screening experiments.
To further assay the compounds’ effect on HIV-1 replication, P24 production
reduction in acute infection assay were conducted. KX128 showed significant
inhibition on P24 production in acute infection of HIV-1yg with ECs of 3.57uM
(1.70pg/ml) and respectively. KX166, KX180 and KX171 had ECso of 51.08uM
(40.17pg/ml), 27.47uM (17.07ug/ml) and 38.46pM (19.1pg/ml) respectively (Figure
5.16). EC50 of AZT was 7.07uM (1.89ng/ml).

5.2.9 MTT-based cytotoxicity assay

Cellular tc_)xicity of_ four KX compounds (KX128, K?(lﬁé, KX.UI’ KX180) were
assessed by MTT method. Results showed that KX128, KX166, KX171, KX180 had
CCso of 2.68pug/ml(5.63uM), 187.63ug/ml1(239.02uM), 33.78ug/ml(67.86uM) and
50.10pg/ml(80.97uM) respectively. CCso of AZT was 1007.22pg/ml (3.76mM).
(Figure 5.17).
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Figure 5.16 KX128, KX166, KX171 and KXI180 showed P24 production
inhibition in acute infection ) ]

Compounds were added to cell culture with infection at a 10-fold serial dilution from
the beginning of 100ug/ml. KX128 showed significant inhibition on P24 production
in acute infection of HIV-1ys with ECso of 3.57uM (1.70pg/ml) and respectively.
KX166, KX180 and KX171 had ECsy of 51.08uM (40.17pg/ml), 27.47uM
(17.07ug/ml) and 38.46uM (19.1pug/ml) respectively. EC50 of AZT was 7.07uM
(1.89ng/ml). Data are shown as one test of two repeats.
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Figure 5.17 MTT-based cytotoxicity assay of KX128, KX166, KX171 and KX180
Cellular toxicity of four KX compounds (KX128, KX166, KX171, KX180) were
assessed by MTT method. Results showed that KX 128, KX166, KX171, KX180 had
CCsp of 2.68ug/ml(5.63pM), 187.63ug/ml(239.02uM), 33.78pg/mi(67.86pM) and
50.10pg/ml1(80.97uM) respectively. CCso of AZT was 1007.22pg/ml(3.76mM). Data
are shown as one test of two repeats.



5.3 Discussion

CXCR4, a known HIV-1 corecepto, is an attractive target for anti-HIV drug
development. In this study, CXCR4 gene was amplified from total RNA extracted
from human lymphoblasts (H9 cell line) by RT-PCR and cloned into lentivirus
expresson vector. Lentivirus expressing system includes three vectors: transfer vector
pWPXL, packing vector psPAX2 and envelop vector psMD2G (www.tronolab.com).
Co-transfection of three vectors into 293T cells produces recombinant lentivirus.
After DNA sequencing confirmation, CXCR4 was subcloned into lentivirus vector-
pWPXL. Lentivirus was produced by co-transfection of transfer vector
pWPXL-CXCR4, packing vector psPAX2 and envelope vector pMD2G into 293T
cell line. By co-transfecting these 3 vectors into 293T cell line, CXCR4-expressing
lentivirus particles were collected from culture medium. The first generation of
recombinant virus was infective but with comparable low infectivity. To improve the
infect efficiency, two methods are usually feasible. One is to concenirate the virus
liquid by centrifuge. The other is to infect 293T cells with recombinant virus for
several rounds until highly infective virus particles were achieved. Both methods were
tried in this study. The second method showed better result in recombinant lenfivirus

production.

293T cells were infected with recombinant viruses. CXCR4 was expressed mainly on
293T cell plasma membrane. Some small bright spots were also observed in the
intracellular space of infected cells. This showed that CXCR4 were accumulated in
some part in the cell plasma in normal biological process. In fact, CXCR4 expression
is a dynamic recycling process between cell membrane and intracellular space in

normal cells (Wagener et al., 2009).

Similar to CXCR4 expression in 293T cells, CXCR4 was mainly expressed on the cell
membrane of Hela cells. The expression level is also similar. With the induction of

SDF-1a, the CXCR4 began to intemalize in 15 minutes. More than 85 percent of
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plasma membrane expressed CXCR4 was internalized by 10 nM SDF-1a in 1 hour.
This demonstrated that the expressed CXCR4 was physiologically functional and was
suitable for antagonist screening. The GFP tag made the CXCR4 bright green in real
time fluorescence microscopy imaging. By monitoring the fluorescence imaging,

CXCR4 antagonists screening was conducted.

The SDF-1 induced CXCR4 internalization demonstrated good biological activity of
expressed CXCR4. When the infectivity efficiency of recombinant virus reaches
50-80%, establishment of stable cell line becomes easily obtained. Serial dilution and
cloning ring were used in stable cell line establishing. Since CXCR4 were fused
expression with GFP tag, pick out single positive cell became feasible under

fluorescence microscopy observation.

A common problem in stable cell line establishment is the stability of the cell line.
Since 100 percent positive cells were almost impossible to get in current culture,
sometimes stable cell line lost foreign gene expression after a long period of culture.
In this study, the stable line was cultured continuously for half a year without obvious
decrease of CXCR4 expression was observed by fluorescence microscopy and flow

cytometry analysis.

To predict the bound confirmations and the binding affinity, structures of receptor and
ligand must be obtained. The protein structures are usually got from crystal study or
NMR data. Since there was no enough and accurate structural information available
before the screening of CXCR4 antagonists in this study, a cell based imaging

screening platform was constructed as we described above.

Based on the drug data bank in Kunming Institute of Zoology (CAS), after several
rounds of screening as we described above, four (KX166, KX180, KX171, KX128)
out of more than 150 compounds showed CXCR4 internalization inhibitive activity in

cell based screening experiments. Then the HIV inhibition activities were tested by



live virus in P3 lab. Results showed that these drugs had HIV inhibitory effect in

some degree.

KX166, KX171 and KX180 have similar structures. They are derivatives isolated
from the herb of andrographolide

[293H)-Furanone, 3-[2-[decahydro-6-hydroxy-5- {(hydroxy-methyl)-5,
8a—dimethyl-2-methyl'ene- 1-naphthalenyl] ethylidene]dihydro-4-hydroxy-)].
Andrographolide was studied for potential clinical purpose as early as in 1981(Lu et
al., 1981). Andrographolide was reported to inhibit growth of acute promyelocytic
leukacmia cells by inducing retinoic acid receptor-independent cell differentiation and
apoptosis(Manjkam and Stanslas, 2009). Since andrographolide showed important
clinical potential, a number of derivatives were synthesized. In 2007, four
andrographolide derivatives, 3,19-isopropylideneandrographolide 2),
14-acetyl-3,19-isopropylideneandrographolide (3) and 14-acetylandrographolide (4)
was synthesized and reported to have in vitro antitumour activities against a 2-cell
line panel consisting of MCF-7 (breast cancer cell line) and HCT-116 (colon cancer
cell ling) (Jada et al., 2007). Benzylidene derivatives of andrographolide were found
to inhibit growth of breast and colon cancer cells in vitro by inducing G(1) arrest and
apoptosis(Jada et al., 2008). The above studies showed that andrographolide and its
derivatives are important in anti-cancer research. While other studies showed that
andrographolide and its derivatives also play important role in anti-virus research.
Andrographolide and its derivatives were also reported to have activity against
influenza virus in vivo and in vitro{Chen et al., 2009). Recent studies have showed
that andrographolide has potential activity in anti-HIV research. A series of
andrographolide derivatives were synthesized and demonstrated anti-HIV
characteristics , including KX166, KX171 and KX180(Wang et al., 2010). In this
study, these three andrographolide derivatives were discovered to inhibit SDF-1
inducing CXCR4 internalization. The possible binding modes of these derivatives to
CXCR4 were built and several important residues were identified. These findings will

provide assistance for further study of andrographolide, in the anti-HIV research



But since the compounds we screened are from different sources. Some are synthetic,
some are derivatives (such as KX128, KX166 and KX180). Some samples were
extraction from herbs without detailed information on structures and other chemical
characters. Tt remains unclear exactly how these compounds inhibit CXCR4
internalization induced by SDF-1. It is proposed that new compounds should be
synthesized based on these compounds. Through structural based modifications, it is
hoped that better compounds couid be found in which CXCR4 internalization

inhibition could be demonstrated as drugs to combat HIV infection.

By analyzing the CXCR4 crystal structure, it was hypothesized that the IT1t
interaction pocket is very suitable for ligand binding. The KX compounds’ binding
mode to CXCR4 was analyzed based on the IT1t-CXCR4 interaction information by
Autodock Vina(Trott and Olson, 2010).

From the published data, IT1t formed hydrophobic contacts with CXCR4 through
Argl83, Asp97, Aspl87, Glu288, Ile185, Cys186, Trp1902, Trp94, Vall12 and Tyrl16.
Peptide CVX15 formed eight H-bonds with CXCR4 through Asp193, Asp 262, Asp
171, Asp 187, Tyr190 and Argl188.

AMD3100 was used as control in CXCR4 antagonist screening. Here we also
analyzed the binding mode of AMD3100 to CXCR4. AMD3100 was docked into the
hydrophobic pocket formed by surrounding residues of CXCR4. AMD3100 formed
four H-bonds with CXCR4, OD1 of Asp97 formed two H-bonds with N3 and N7 of
AMD?3100 with distances of 2.80 A and 3.22 A respectively. N5 of AMD3100 formed
H-bond with O of Cys186 with a distance of 2.88 A. N4 of AMD3100 formed H-bond
with OE1 of GIn200 with a distance of 3.00 A. Besides, AMD3100 formed
hydrophobic contacts with Hisl13, Ala98, Aspl87, Phel99, Tyr190, Trp94 and
Argl88 respectively (Figure 5.14).



KX128, KX166, KX171 and KX180 were docked into the hydrophobic pocket
formed by surrounding residues of CXCR4. KX128 formed three H-bonds with
CXCR4: 019 of KX128 formed a H-bond with OH of Tyr116 with a distance of 2.96
A. 020 of KX128 formed two H-bonds with NH1 and NH2 of Arg188 with distance
of 3.04 A and 3.04 A respectively. Besides, KX128 formed hydrophobic contacts with
Trp102, His113, Trp94, Leudl, I1e284 and [1e259 respectively (Figure 5.10). KX166
formed four H-bonds with CXCR4 totally. KX166 formed three H-bonds with His281
with a distance of 2.99 A, with His113 with a distance of 3.18 A, with Cys186 with a
distance of 3.16 A respectively. 056 of KX166 formed one H-bond with NHlof
Arg30 with a distance of 2.99 A. Besides, KX166 formed hydrophobic contacts with
His113, Glu32, Ala98, Ilei185, Trp94, Tyr45, Tyrl16, Valll2, Asp97, 1le284 and
His281 respectively (Figure 5.11). KX171 formed three H-bonds with CXCR4. O17
of KX171 formed H-bond with NE2 of GIn200 with a distance of 2.92 A. 017 of
KX171 also formed H-bond with OH of Tyr255 with a distance of 2.77 A. 028 of
KX171 formed H-bond with NH1 of Argl88 with a distance of 3.27 A. Besides,
KX166 formed hydrophobic contacts with His203, Leul20, Phel199, Glu288, Leu4l,
Trp94 and Ile204 respectively (Figure 5.12). KX180 formed three H-bonds with
CXCR4. KX180 formed H-bond with Hisl13 with a distance of 3.15 A. KX180
formed two H-bonds with Argl88 with distances of 3.05 A and 3.20 A respectively.
KX180 formed hydrophobic contacts with Tyr116, Trp94 Vall12, Tyr190 and Val196

respectively (Figure 5.13),

According to the ranking of affinity to CXCR4 in molecular docking, KX166 showed
the highest binding affinity to CXCR4. KX180 and KX128 had the similar binding
affinity following KX166. AMD3100, KX171 and IT1t had similar binding affinity.

From the binding mode, AMD3100 shares two amino acids with IT1t in interaction
with CXCR4, the two amino acids are Asp97 and Cys186. AMD3100 shared four
amino acids with CVXI15 in interaction with CXCR4, they are Aspl87, Tyr190,
Trp94 and Argl88. KX128 shares two amino acids with IT1t, the two amino acids are



Trp102 and Trp94. KX166 shares four amino acids with IT1t, the four amino acids
are Ile185, Trp94 and Tyrl16, Vall12. KX17] shares two amino acids with IT1t, the
two amino acids are Glu288 and Trp94. KX171 also shares Argl188 with CVX15 in
interaction with CXCR4. KX180 shares two amino acids with IT1t in interaction with
CXCRA4, they are Trp94 and Vall12. Besides, KX180 shares Tyr190 with CVX15 in
interaction with CXCR4. In comparison these KX compounds with AMD3100 in
interaction with CXCR4, we find that: KX128 shares three amino acids with
AMD3100 in interaction with CXCR4, the three amino acids are Argl88, Hisl113 and
Trp94. KX166 shares three amino acids with AMD3100 in interaction with CXCR4,
the three amino acids are His113, Ala98 and Trp94. KX171 shares three amino acids
with AMD3100 in interaction with CXCR4, the three amino acids are Argl88,
Phel99 and Trp94. KX180 shares four amino acids with AMD3100 in interaction
with CXCR4, the four amino acids are His113, Arg188, Trp94 and Tyr190.

It is therefore concluded that the following amino acid residues of CXCR4 are
important for ligands interaction with CXCR4: Hisl113, Argl88, Trp94, Aspl87,
Tyr190, Asp97, Valll2. These amino acids are shared by three or more ligands in
interaction with CXCR4. Among them, His113 (shared by four ligands), Argl88
(shared by five ligands), Trp94 (shared by six ligands) are key amino acids in
interaction of ligand with CXCR4.

In our study, not only a cell based screening were conducted for new CXCR4
antagonists searching, the drug candidates which showed good inhibition of CXCR4
internalization in cell imaging were also further tested by live virus assays. KX128
sig;liﬁcantly reduced the cytopathic effect caused by HIV-1 infection with an ECspof
0.60pg/ml. KX171 also had significant effect with an ECsy of 6.33ug/ml. P24
production in acute infection assay result showed that KX128 and KX171 had
significant inhibition on P24 production in acute infection of HIV-1gp with ECso of
1.36pg/ml and 7.00pug/ml respectively. From the above results, it is concluded KX128

and KX171 could serve as core lead compounds for further drug development First,



KX128 and KX171 inhibited CXCR4 internalization induced by SDF-1 (it was
presumed that inhibition of SDF-1 induced CXCR4 internalization would disrupt
HIV-1 entry), and then resulted in inhibition on HIV-1 replication. Cellular toxicity
of four KX compounds (KX128, KX166, KX171, KX180) were assessed by MTT
method. Results showed that KX128, KX166, KX171, KX180 had CCs of
2.68ug/ml(5.63uM), 187.63ug/mi(239.02pM), . 33.78pg/ml(67.86uM) and
50.10ug/ml(80.97uM) respectively. CCso of AZT was 1007.22ug/ml(3.76mM).

KX128 showed best effect on HIV-1 inhibition as well as higher cytotoxicity. This
implies that KX128 is promising but need to be modified in order to reduce the
cytotoxicity in further study. While KX171 also showed significant inhibition on

HIV-1 replication but with much lower cytotoxicity.

In summary, we had screened more than 150 drug candidates for CXCR4 antagonist.
Finally, four (KX2, KX8, KX17, KX128) compounds showed CXCR4 internalization
inhibitive activity in cell based screening experiments. Binding mode analysis showed
that these compounds had good binding affinity to CXCR4 ligand-binding pocket
through H-bond and hydrophobic contacts. The bioinformatics analysis provides us
important information on ligand binding sites to CXCR4. This would assist CXCR4
antagonist design and screening. Subsequent live virus assays further demonstrated
that these compounds had HIV-1 replication inhibition activity with some cytotoxicity.
Through molecular docking, amino acid residues which are important for
ligands-CXCR4 interaction are identified. These amino acids are His113, ArgI§8,
Trp94, Aspl187, Tyr190, Asp97, Vall12. Three key amino acids are identified as
His113, Argl88 and Trp94. These sites provide us important information on CXCR4
antagonists design and development. They are also important for the structure and

activity study of CXCRA4.



Chapter 6
General discussion



Since there is no effective vaccine for the prevention and treatment of HIV infection,
the HAART is still the most effective way in AIDS treatment. HAART requires a
combination of different drugs targeting different steps in virus infection. Although
more than 20 drugs have been approved in the past 2 decades, there is still a constant

need for more drugs targeting on different mechanism of HIV replication.

The present FDA approved drugs are mainly targeting the reverse transcriptase and
protease of HIV. Besides, many drugs have been developed aiming several steps in
virus infection, including the drugs directly or indirectly targeting the HIV envelope,
the drugs targeting the fusion of virus and the cell membrane, the drugs targeting the
HIV integration, the drugs targeting the virus proteins synthesis and fransportation,

finally the drugs targeting the virus budding.

Because of the urgent need for more anti-HIV drugs targeting different and new steps
in HIV infection, this work was focused on two novel targets of HIV replication. They
are the targeted towards the process of HIV-1 integrase/LEDGF interaction and HIV
entry through CXCR4 internalization. For drug development, convenient and
high-throughput screening platforms are preferred. To achieve our goal, two platforms

are constructed based on cell imaging techniques.

Firstly, a cell based HIV-1 integrase inhibitors screening platform by cloning
integrase fused with EGFP into eukaryotic expression system was constructed. Any
drugs that can inhibit the translocation process are novel class of drugs for AIDS
treatment. Through virtual screening and cell imaging, eight compounds (DW-IN4,
DW-IN5, DW-IN6, DW-IN9, DW-IN15, DW-IN16, DW-IN17, DW-IN21) were

found to block integrase nuclear translocation at 1pM.

Then the binding mode of these compounds was analyzed by molecular docking.
Docking results showed that these compounds were docked into the hydrophobic

pocket of integrase dimer. Though the residues involved in different compounds’



interaction with integrase are not totally identical, all the compounds “bind” tightly to
integrase. Hydrogen bond and hydrophobic contact are two major connections
involved in the compound-integrase interaction. In drug development, cell based

screening is a convenient way compared than live virus assays in cells or animals.

HIV-1 inhibition assays were conducted with HIV-1yp infection. Results showed that
DW-IN6 and DW-IN719 showed significant inhibition on P24 production in acute
infection of HIV-1pp with ECsp of 4.96uM and 4.33pM respectively. Since the
integrase nuclear translocation is a step far from P24 production in HIV-1 life cycle,
not all these compounds showed significant inhibition on P24 production in acute
infection. In fact, even the compound can inhibit integrase nuclear translocation
entirely, it may be not effective in reduction of P24 inhibition. But P24 is an
important antigen and structural protein of HIV, it is also a widely acknowledged

factor for HIV replication assay.

The screening results and live virus assays results are encouraging to us. By analyzing
the structures of these compounds, it is feasible to synthesize new compounds aiming
improving the activities of these compounds with lower toxicity. In searching for new
drug candidates, screening from the existing synthetic compound database is one way.
Another way is to design and synthesize new compounds based on computational
chemistry or existing HIV-1 inhibitors structural information. Modification of parent

compounds may lead to discovery of drugs suitable for clinical use.

Based on the structural information of DW-IN-16 provided by NMR, six new
compounds were designed and synthesized. The principle concerns of new
compounds were to reinforce the anti-HIV activity as well as to reduce the

cytotoxicity to human cells and human body. Four compounds, INNE-1, INNE-2,
INNE-3, INNE-4 showed HIV-1 inhibition effect with live virus infection. This result
is encouraging to us. Because it tells that we are on the right way. Since these

compounds are novel anti-HIV-1 drug candidates. Though they are toxic to cells in



some degree, further modification of these compounds to reduce cytotoxicity but

retain anti-HIV activity is necessary.

In collaboration with Prof. YT Zheng from Kunming Institute of Zoology (The
Chinese Academy of Sciences), four novel CXCR4 antagonists were screened. These
compounds showed HIV-1 replication inhibition in virus infection assays. To predict
the binding mode of KX compounds to CXCR4. The interaction of KX compounds
with CXCR4 was analyzed by molecular docking. The binding mode of AMD3100 to
CXCR4 was compared and the following amino acids are found important for ligands
in interaction with CXCR4: His113, Arg188, Trp94, Asp187, Tyr190, Asp97, Valll2.
These amino acids are shared by three or more ligands in interaction with CXCR4.
Among them, His113 (shared by four ligands), Argl88 (shared by five ligands),
Trp94 (( shared by six ligands) are key amino acids in interaction of ligand with

CXCRA4. These cores should serve as critical spots for further drug development.

Comparing the binding affinity of newly screened CXCR4 antagonists with
AMD3100 and IT1t, All six compounds were analyzed and ranked by molecular
docking. According to the ranking of affinity to CXCR4 in molecular docking,
KX166 showed the highest binding affinity to CXCR4. KX180 and KX128 had the
similar binding affinity following KX166. AMD3100, KX171 and IT1t had similar
binding affinity. This shows that our CXCR4 antagonist candidates are promising.
KX128 showed significant HIV-1 inhibition activity. First, KX128 inhibited CXCR4
internalization induced by SDF-1 (it was presumed that inhibition of SDF-1 induced
CXCR4 internalization would disrupt HIV-1 entry), and then resulted in inhibition on

HIV-1 replication.

Since CXCR4 is involved in many normal biological process in human body. For
example, PBSF/SDF-1 and CXCR4 were reported to define a new signaling system
for organ vascularization(Tachibana et al., 1998). Also, CXCR4-SDF-1 ligand pair
was found to involved in directed migration of cancer cells to sites of metastasis so as

to improve survival of cancer cells(Balkwill, 2004). CXCR4-SDF-1 ligand pair was



also reported to involve in tumor progression, angiogenesis, metastasis, and

survival(Teicher and Fricker, 2010).

Although the CXCR4 antagonist candidates are demonstrated to inhibit HIV-1
replication in live virus assays. They may also play roles in other CXCR4 involving
physiological process. Since CXCR4 is important in cancer research, inhibition of
CXCR4 internalization induced by SDF-1, thus may stop the downstream cell
signaling. Subsequently, the cancer cells survival, tumor progression, angiogenesis,
metastasis, and survival may also been influenced. It is interesting to determine that

candidate may be used as anti-cancer agents.

In conclusion, eight compounds (DW-IN4, DW-INS, DW-IN6, DW-IN9, DW-IN15,
DW-IN16, DW-IN17 and DW-IN21) from SPECS, one natural product (DW-IN719)
from ZINC, six compounds (KM7, KMS8, KM14, KM79, KM30, KM37) are
identified as integrase inhibitors candidates. Four compounds (KX128, KX166,
KX171, KX180) are identified as CXCR4 antagonists candidates.

The emerging of drug resistant viruses to current antiretroviral drugs makes it urgent
to development of new drugs with novel targets. The continuously transmission of
drug- resistant viruses enhances this urgent demand. Though more and more
researchers are focusing on the anti-HIV drug discovery and development and a
number of inhibitors to emerging targets are in preclinical and clinical trials, the
dilemma of lacking suitable HAART regimen for some treatment experienced patients
is not solved. The first consideration of HAART is likely to combine inhibitors that
target multiple stages of the viral life cycle in order to provide better prospects for
enhanced containment of viral replication. Novel HIV inhibitors with good
tolerability, low potential for drug--drug interactions, effective to current

drug-resistant HIV strains are in high demand in HIV infection and AIDS treatment.
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